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Abstract
In the upcoming decade large astronomical surveys will discover millions of transients raising
unprecedented data challenges in the process. Only the use of the machine learning algorithms can
process such large data volumes. Most of the discovered transients will belong to the known classes
of astronomical objects. However, it is expected that some transients will be rare or completely new
events of unknown physical nature. The task of finding them can be framed as an anomaly detection
problem. In this work, we perform for the first time an automated anomaly detection analysis in
the Open Supernova Catalog (OSC), which serves as a proof of concept for the applicability of
these methods to future large scale surveys. The analysis consists of the following steps: 1) data
selection from the OSC and approximation of the pre-processed data with Gaussian processes, 2)
dimensionality reduction, 3) searching for anomalies with the use of the isolation forest algorithm, 4)
expert analysis of the identified anomalies. The pipeline returned 81 candidate anomalies, 27 (33%)
of which were confirmed to be from astrophysically peculiar objects. This corresponds to a selected
sample of 1.4% of the initial data sample automatically identified. Among the identified anomalies we
recognised superluminous supernovae, non-classical Type Ia supernovae, unusual Type II supernovae,
one active galactic nucleus and one binary microlensing event. We also found that 16 anomalies
classified as supernovae in the literature are likely to be quasars or stars. Our proposed pipeline
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represents an effective strategy to guarantee we shall not overlook exciting new science hidden in
the data we fought so hard to acquire. All code and products of this investigation are made publicly
available at: http://xray.sai.msu.ru/snad/.
Keywords methods: data analysis · supernovae: general · catalogues
1 Introduction
Supernovae (SNe) hold vital pieces of the large cosmic puzzle astronomy and cosmology aim to solve. They are
responsible for the chemical enrichment of interstellar medium [1]; the production of high energy cosmic rays [2], and
they trigger star formation via the density waves induced by their energetic explosions [3, 4]. Moreover, the study of
different types of SNe allows us to probe the composition and distance scale of the Universe [5, 6, 7, 8] — imposing
strong constraints on the standard cosmological model [9, 10].
Given the potential impact of SN research on different areas of astronomy, the scientific community has allocated a
large fraction of its efforts in the generation of large supernova surveys — a few recent examples include the Carnegie
Supernova Project1 (CSP; [11]), the Panoramic Survey Telescope and Rapid Response System2 (Pan-STARRS; [12, 13])
and the Dark Energy Survey3 (DES; [14]). Another generation of even larger counterparts, like the Large Synoptic
Survey Telescope4 (LSST; [15]), will soon join this list, making available a combined data set of unprecedented volume
and complexity.
In this new data paradigm, the use of machine learning (ML) methods is unavoidable [16]. Astronomers have already
benefited from developments in machine learning, in particular for exoplanet search [17, 18, 19], but the synergy is far
from that achieved by other endeavours in genetics [20, 21, 22], ecology [23] or medicine [24, 25]. Moreover, given
the relatively recent advent of large data sets, most of the ML efforts in astronomy are concentrated in classification
(e.g., [26, 27, 28, 29, 30, 31]) and regression (e.g., [32, 33, 34, 35]) tasks. A large variety of ML methods were
applied to supervised photometric SN classification problem [36, 37, 38, 28, 39, 40, 41, 42, 43, 44] and unsupervised
characterisation from spectroscopic observation (e.g., [45, 46, 47]).
Astronomical anomaly detection has not been yet fully implemented in the enormous amount of data that has been
gathered. Barring a few exceptions, most of the previous studies can be divided into only two different trends:
clustering [48] and subspace analysis [49] methods. More recently, random forest algorithms have been extensively
used by themselves [50] or in hybrid statistical analysis [51]. Although all of this has been done to periodic variables
there is not much done for transients and even less for supernovae.
The lack of spectroscopic support causes the large supernova databases to collect SN candidates basing on the secondary
indicators (proximity to the galaxy, arise/decline rate on a light curve (LC), absolute magnitude). This leads to the
appearance of incorrectly classified objects. Anomaly detection can help us to purify the supernova databases from
the non-supernova contamination. It is also expected that during such analysis the unknown variable objects or SNe
with unusual properties can be detected. As an example of unique objects one can refer to SN2006jc — SN with very
strong but relatively narrow He I lines in early spectra (∼30 similar objects are known, [52]), SN2005bf — supernova
attributed to SN Ib but with two broad maxima on LCs [53], SN2010mb — unusual SN Ic with very low decline rate
after the maximum brightness that is not consistent with radioactive decay of 56Ni [54], ASASSN-15lh — for some time
it was considered as the most luminous supernova ever observed — two times brighter than superluminous supernovae
(SLSN), later the origin of this object was challenged and now it is considered as a tidal disruption of a main-sequence
star by a black hole [55, 56]. As such sources are typically rare, the task of finding them can be framed as an anomaly
detection problem.
In this paper we turn to the automatic search for anomalies in the real photometric data using the Open Supernova
Catalog5 (OSC, [57]). The OSC has never been used for the task of the anomaly detection with the ML algorithms
until this work, however, it was used for the classification problem [58, 47]. The outliers we are looking for are any
artefacts in the data, cases of misclassification (active galactic nuclei (AGN), novae, binary microlensing events), rare
classes of objects (SLSN, kilonovae, SNe associated with gamma-ray bursts), and objects of unknown nature. We use
the isolation forest as an outlier detection algorithm that identifies anomalies instead of normal observations [59]. This
technique is based on the fact that anomalies are data points that are few and different. Similarly to random forest it
1https://csp.obs.carnegiescience.edu/
2https://panstarrs.stsci.edu/
3https://www.darkenergysurvey.org/
4https://www.lsst.org/
5https://sne.space/
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Figure 1: Workflow for the analysis. Ni denotes the number of observations in i’th band. GP photometry includes 364
features: 121 × 3 normalized fluxes and the LC flux maximum; GP parameters are 9 fitted parameters of the Gaussian
process kernel and the log-likelihood of the fit.
is built on an ensemble of binary (isolation) trees. All found anomalies are thoroughly analysed using the publicly
available information.
The rest of the paper is organised as follows. In Section 2 we describe the data used for the analysis. Section 3 is
devoted to work related to the data pre-processing, including light curve approximation by Gaussian processes (GP).
The anomaly detection algorithm is presented in Section 4. Section 5 shows the results and contains the analysis of
found anomalies. We conclude the paper in Section 6. The outliers are listed in Appendix A.
2 The Open Supernova Catalog
The data are drawn from the Open Supernova Catalog [57]. The catalog is constructed by combining many publicly
available data sources such as the Asiago Supernova Catalog (CSP, [60, 11]), the Gaia Photometric Science Alerts [61, 62],
the Nearby Supernova Factory [63], Pan-STARRS [12, 13], the SDSS Supernova Survey [64], the Sternberg Astronomical
Institute Supernova Light Curve Catalogue [65], the Supernova Legacy Survey (SNLS, [66, 67]), the MASTER Global
Robotic Net [68], the All-Sky Automated Survey for Supernovae (ASAS-SN, [69]), and the intermediate Palomar
Transient Factory (iPTF, [70, 71]) among others, as well as from individual publications. It represents an open repository
for supernova metadata, light curves, and spectra in an easily downloadable format. This catalog also includes some
contamination from non-SN objects.
Given the large number of objects and their diverse characteristics, this catalog is ideal for our goal of automatically
identifying anomalous light curves. It incorporates data for more than 5 × 104 SNe candidates among which ∼1.2×104
objects have >10 photometric observations and ∼5×103 have spectra. For comparison, SDSS supernova catalog contains
only 4607 SNe candidates: 889 with measured spectra [64].
The catalog stores the data in different photometric passbands. To have a more homogeneous sample, we chose only
those objects that have LCs in BRI [72], g′r ′i′ or gri filters. The primed system u′g′r ′i′z′ is defined in the natural
system of the USNO 1-m telescope. The SDSS magnitudes ugriz, however, are defined in the natural system of the
SDSS 2.5-m telescope. These two systems are very similar and the coefficients of the transformation equations are quite
small [73, 74, 75]. We assume that g′r ′i′ filters are close enough to gri and transform BRI to gri (see Sect. 3.1). We
require a minimum of three photometric points in each filter with a 3-day binning (Fig. 1). Our experiments show that
this threshold is enough to provide a good reconstruction of the light curve — specially in cases where photometric
points are not homogeneously distributed among filters. This is natural consequence of the light curve approximation
procedure we adopted (Section 3.2) which takes into account the correlation between photometric bands to guide the
reconstruction in sparsely populated filters. After this first cut, our sample consists of 3197 objects (2026 objects in
g′r ′i′, 767 objects in gri, and 404 objects in BRI).
We downloaded the data from the GitHub page6 of the Astrocats project on June, 2018. The complete data set of 45162
objects is located at http://xray.sai.msu.ru/snad/sne.tar.lzma
6https://github.com/astrocatalogs/
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Figure 2: Light curves of SN2005M. Crosses are the observations in gri filters [76, 77, 78]. Solid and dashed lines are
the approximated and transformed light curves from the Bessel’s BR and BRI to gri filters, respectively.
3 Pre-processing
3.1 Filter transformation
In order to ensure maximum exploitation of the data at hand, we convert the Bessel’s BRI into gri filters using the
Lupton’s (2005) transformation equations7. These equations are derived by matching SDSS DR4 photometry to Peter
Stetson’s published photometry for stars8:

B = u − 0.8116 (u − g) + 0.1313
B = g + 0.3130 (g − r) + 0.2271
V = g − 0.2906 (u − g) + 0.0885
V = g − 0.5784 (g − r) − 0.0038
R = r − 0.1837 (g − r) − 0.0971
R = r − 0.2936 (r − i) − 0.1439
I = r − 1.2444 (r − i) − 0.3820
I = i − 0.3780 (i − z) − 0.3974
(1)
As we can see, there are several possibilities to obtain gri light curves from the Bessel’s ones. Obviously, the accuracy
of the transformation will be directly proportional to the number of filters available. However, in the Open Supernova
Catalog objects having photometry only in two filters are more numerous than those having photometry in three or four
filters. Therefore, the less filters we use, the larger sample of SNe candidates we obtain. First, we tried to use only two
Bessel’s filters. Prior to applying the filter transformation, we approximated the LCs with Gaussian processes (see
Sect. 3.2). To evaluate the quality of transformation, with two filters only, we chose a few objects with LCs available in
both, Sloan and Bessel’s filters, and compared the transformed gri with the original ones. As can be seen from the
Fig. 2, the results of comparison are unsatisfactory. This indicated that at least one more filter had to be added in the
analysis. The same test showed that three filters (BRI) are enough to adequately reproduce gri light curves (Fig. 2).
Since with 3 filters the equations become over-determined, we used the least-square method to solve Eq. 1.
Despite the fact that the transformation between the filters depends on the spectrum of an object, and Lupton’s equations
are derived for stars, not for supernovae, the Fig. 2 shows quite good agreement between transformed and original light
curves.
7http://www.sdss3.org/dr8/algorithms/sdssUBVRITransform.php
8http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/community/STETSON/index.html
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3.2 Light curve approximation
Traditionally, ML algorithms require a homogeneous input data matrix which, unfortunately, is not the case with
supernovae. A commonly used technique to transform unevenly distributed data into an uniform grid is to approximate
them with Gaussian processes [79]. Usually, each light curve is approximated by GP independently. However, in this
study we use aMultivariate Gaussian Process9 approximation. For each object it takes into account the correlation
between light curves in different bands, approximating the data by GP in all filters in a one global fit (for details see
Kornilov et al. 2019, in prep.). With this technique we can reconstruct the missing parts of LC from its behaviour in
other filters. For example, in Fig. 10 maximum in g filter is reproduced from the r, i light curves. This correlation does
not rely on any physical assumptions about LC shape. As an approximation range we chose [−20,+100] days. We also
extrapolated the GP approximation to fill this range if needed. Once the GP approximation becomes negative, it is
zeroed till infinity.
Gaussian process is based on the so-called kernel, a function describing the covariance between two observations. The
kernel used in our implementation of Multivariate Gaussian Process is composed of three radial-basis functions
ki(t1, t2) = exp
(
− (t2−t1)22 l2i
)
, where i denotes the photometric band, and li are the parameters of Gaussian process to be
found from the light curve approximation. These length parameters describe the characteristic time scale of correlation
between observations. If the value of li is too small the approximated light curve will be over-fitted and can show
unrealistic oscillations. To prevent it we set a lower limit on li as the maximum time interval between two neighbouring
observations, but not larger than 60 days. Also,Multivariate Gaussian Process kernel includes 6 constants, three of
which are unit variances of basis processes and three others describe their pairwise correlations. Totally,Multivariate
Gaussian Process has 9 parameters to be fitted.
Prior to applying the GP approximation, we prepare the data (Fig. 1). First, we transform the magnitudes given by the
Open Supernova Catalog to fluxes and perform all further analysis in the flux space only. Since measurements remote in
time from the maximum (mainly the upper limits or host detection) could potentially affect the GP behaviour, including
the main part of light curve around maximum, for each object we take only the points in the interval [−240,+240] days
relative to the maximum in r, r ′, R filter depending on the sub-sample. The Julian dates are rounded to integers. We also
implement 1-day time-binning to the data.
In every bin the flux y and its error σ are derived from n observations {yi, σi} as follows [80]:
wi ≡ 1
σ2i
,
w ≡
∑
wi,
y =
∑
wi yi
w
,
〈σ〉 ≡
√∑
wi (yi − y)2
w (n − 1) ,
σw ≡ w−1/2,
σ =

〈σ〉, 〈σ〉 > σw,
1
2
(〈σ〉 + σw) , 〈σ〉 ≤ σw,
(2)
where wi is the weight of observation, w is the sum of weights, 〈σ〉 is the mean error, σw is the error of the weighted
mean. If the mean error is larger than the error of the weighted mean, then observation errors are probably underestimated
or the object is very variable during the considered time interval. Upper limits are taken into account only if there are no
detections in the bin. In this case we keep the most conservative upper limit, i.e. the one with the smallest flux.
Since for each object the OSC assembles the photometry obtained by different telescopes with different limited
magnitudes, a lot of upper limits appeared in between or even simultaneously with the real detections. This could also
have an undesirable impact on the Gaussian processes approximation. Therefore, for each filter we keep only those
upper limits which are later than the latest real detection or earlier than the earliest real detection. Furthermore, we
reassign the values of these upper limits yup: the new values are zeros with error equal to 3 × yup. This is done to
decrease the influence of too high upper limits on the GP approximation and to force it to vanish for very early and very
late times. Some particular aspects of pre-processing are illustrated in Fig. 3.
9https://github.com/matwey/gp-multistate-kernel
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Figure 3: An example of multicolour light curve explaining the pre-processing procedure. The crosses with errorbars
denote the real photometric detections. Coloured triangles are the original upper limits (yup) which are either later
than the latest real detection or earlier than the earliest real detection. They are transformed into the observations with
y = 0 ± 3yup (crosses with the thin errorbars). Black triangles are upper limits which are ignored. GP approximation of
the crosses is shown by solid lines.
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Figure 4: (a) Fraction of objects with at least one spectrum in the Open Supernova Catalog; (b) Distribution of objects
by types.
Once theMultivariate Gaussian Process approximation was done, we visually inspected the resulting light curves.
Those SNe with unsatisfactory approximation were removed from the sample (mainly the objects with bad photometric
quality).
The BRI approximated light curves were then transformed to gri (Sect. 3.1). Since each object has its own flux scale due
to the different origin and different distance, we normalized the flux vector by its maximum value. Based on the results
of this approximation, for each object we extracted the kernel parameters, the log-likelihood of the fit, LC maximum and
normalized photometry in the range of [−20,+100] days with 1-day interval relative to the maximum. These values
were used as features for the ML algorithm (Sect. 4).
Our final sample consists of 1999 objects, ∼30% of which have at least one spectrum in the OSC (see Fig. 4). Less
than 5% of our sample have <20 photometric points in all three filters. The distributions of objects by redshift and by
number of photometric points for the three sub-samples are shown in Figs. 5 and 6.
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Figure 5: Distribution of objects by the redshift for three sub-samples and in total.
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Figure 6: Distribution of objects by the number of photometric points for three sub-samples and in total.
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3.3 Dimensionality Reduction
After the approximation procedure, each object has 374 features: 121 × 3 normalized fluxes, the LC flux maximum, 9
fitted parameters of the Gaussian process kernel, and the log-likelihood of the fit.
We apply the anomaly detection algorithm not only to the full data set but also to the dimensionality-reduced data. The
reason for this is that the initial high dimensional feature space can be too sparse for the successful performance of the
isolation forest algorithm. We applied t-SNE [81], a variation of the stochastic neighbour embedding method [82], for
the dimensionality reduction of the data. In the t-SNE technique, a nonlinear dimensionality reduction mapping is
obtained so as to keep distribution of distances between points undisturbed. This ensures that if a point is anomalous in
the sense that it is distant from other points in the original data, it remains anomalous in the lower dimension space. As
a result of the dimentionality reduction, we obtain 8 separate reduced data sets corresponding to 2 to 9 t-SNE features
(dimensions). Since t-SNE is a stochastic technique we have also taken additional precautions to ensure that the resulting
anomaly list does not depend on the t-SNE initial random state.
4 Isolation Forest
Isolation forest [83, 59] is an ensemble of random isolation trees. Each isolation tree is a space partitioning tree similar
to the widely-known Kd-tree [84]. However, in contrast to the Kd-tree, a space coordinate (a feature) and a split value
are selected at random for every node of the isolation tree. This algorithm leads to an unbalanced tree unsuitable for
spatial search. However, the tree has the following important property: a path distance between the root and the leaf is
shorter on average for points distant from "normal" data. This allows us to construct enough random trees to estimate
average root-leaf path distance for every data sample that we have, and then rank the data samples based on the path
length. The isolation forest algorithm is illustrated in Fig. 7.
We run the isolation forest algorithm on 10 data sets (Fig. 1):
A) data set of 364 photometric characteristics (121 × 3 normalized fluxes, the LC flux maximum),
B) data set of 10 parameters of the Gaussian process (9 fitted parameters of the kernel, the log-likelihood of the fit),
C) 8 data sets obtained by reducing 374 features to 2–9 t-SNE dimensions (Sect. 3.3).
For each data set we obtained a list of anomalies. Contamination levels were set to 1% (20 objects with highest anomaly
score) for data sets A and B. For all data sets in case C we considered 2% contamination (40 objects with highest
anomaly score). This larger contamination was chosen to take into account the influence of the dimensionality reduction
step in the final data configuration. Given different representations of the data and the stochastic nature of the isolation
forest algorithm, the same object can be assigned a different anomaly score depending on how many t-SNE dimensions
are used. Thus, only those objects which were listed within the 2% contamination in at least 2 of the data sets in case C
are included in Table 1 and subjected to further astrophysical analysis.
An example of the isolation forest algorithm applied to the three-dimensional reduced data set is shown in Fig. 8.
5 Results
We visually inspected ∼100 outliers among a total of 1999 objects (Fig. 1). Using publicly available sources, we
collected information about each anomaly and determined to which kind of astrophysical objects it belongs — given
the information we could gather. Among the detected anomalies there are few known cases of miss-classifications,
representatives of rare classes of SNe (e.g., superluminous supernovae, 91T-like SNe Ia) and highly reddened objects.
We also found that 16 anomalies classified as supernovae by [64], are likely to be quasars or stars.
Light curves with GP approximation for all 1999 objects can be found at http://xray.sai.msu.ru/snad/ and those
who considered anomalous according to the criteria described in the previous section are listed in Table 1. Names
and equatorial coordinates of anomalies are shown in Columns 1-3; types in Column 4. CMB redshifts are presented
in Column 5. Columns 6-8 contain the names and equatorial coordinates of the corresponding host galaxies. Host
morphological types are displayed in Column 9. Columns 10 and 11 contain the separation between center of the host
and anomaly in angular seconds and kiloparsecs, respectively (to calculate the angular diameter distance we use a flat
ΛCDM cosmology with H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7). We give our comments and short description of each
object in Column 12. References are in Column 13. The most interesting of these objects are described below.
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Figure 7: Isolation forest structure. Forest consists of the independent decision trees. To build a branching in a tree
a random feature and a random splitting are selected. The tree is built until each object of a sample is isolated in a
separate leaf — the shorter path corresponds to a higher anomaly score which is also illustrated by the colour. For each
object, the measure of its normality is the arithmetic average of the depths of the leaves into which it is isolated.
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Figure 8: Three-dimensional t-SNE reduced data after application of the isolation forest algorithm. Each point represents
a supernova light curve from the data set projected into the three-dimensional space with the coordinates (x1, x2, x3).
The intensity of the colour indicates the anomaly score for each object as estimated by the isolation forest algorithm.
5.1 Peculiar SNe Ia
Type Ia supernova is an explosion of a carbon-oxygen white dwarf that exceeds the Chandrasekhar limit either by
matter accretion from a companion star or by merging with another white dwarf [85, 86, 87]. SNe Ia are used as
universal distance ladder since their luminosity at maximum light is approximately the same [8, 7]. However, the class of
SNe Ia is not homogeneous, for example, 91T-like supernovae are on average 0.2–0.3 mag more luminous than normal
SNe Ia, have broader LCs, and different early spectrum evolution [88, 89]; 91bg-like supernovae are subluminous and
fast-declining [90]; peculiar SNe Iax are spectroscopically similar to SNe Ia, but have lower maximum-light velocities
and typically lower peak magnitudes [91]. The presence of non-classical SNe Ia in cosmological samples may introduce
a systematic bias and affect the cosmological analysis (e.g. [92]).
5.1.1 SN2002bj
SN2002bj was discovered in NGC 1821 on unfiltered CCD frames taken with the Puckett Observatory 0.60-m automated
patrol telescope on 2002 February 28.06 and March 1.05 UT, and on unfiltered CCD LOTOSS images taken with the
0.8-m Katzman Automatic Imaging Telescope on February 28.2 and March 1.2 UT [93]. This supernova was a first
representative of rapidly evolving events (Fig. 9). Its light curve has a rise time of <7 days followed by a decline of
0.25 mag day−1 in B band and reaches a peak intrinsic brightness greater than −18 mag [94]. The spectra are similar to
9
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Figure 9: Light curves in gri filters of peculiar SN Ia 2002bj [94]. Solid lines are the results of our approximation
byMultivariate Gaussian Process. The LCs in gri filters are obtained from the Bessel’s BRI by filter transforma-
tion (Sect. 3.1), thus the observations are absent on the plot. The vertical line denotes the moment of maximum in R
filter.
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Figure 10: Light curves in gri filters of peculiar SN Ia 2013cv [99, 100]. Solid lines are the results of our approximation
byMultivariate Gaussian Process. The vertical line denotes the moment of maximum in r filter.
that of a SN Ia but show the presence of helium and carbon lines. The analysis of archive data after the discovery of
this object and the subsequent observations revealed other bright, fast-evolving supernovae, e.g. SN1885A, SN1939B,
SN2010X, SN2015U [95, 96, 97]. These objects can be produced by the detonation of a helium shell on a white dwarf,
ejecting a small envelope of material [94].
5.1.2 SN2013cv
SN2013cv was independently discovered by [98] and iPTF [70] on 2013 May 1.44 UT, see Fig. 10. This peculiar
supernova has large peak optical and UV luminosity and show an absence of iron absorption lines in the early spectra.
[99] suggests that SN2013cv is an intermediate case between the normal and super-Chandrasekhar events.
5.1.3 SN2016bln
SN2016bln/iPTF16abc discovered by the iPTF on 2016 April l3.36 UT [101, 102] and classified by our code as anomaly,
belongs to the 91T-like SNe Ia subtype (see Fig. 11). The transitional and nebular spectrum of SN2016bln appear
similar to the normal SN2011fe as well as to over-luminous SNe 1991T and 1999aa [103]. Early-time observations show
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Figure 11: Light curves in gri filters of 91T-like SN Ia 2016bln [104]. Solid lines are the results of our approximation
byMultivariate Gaussian Process. The vertical line denotes the moment of maximum in r filter.
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Figure 12: Light curves in gri filters of peculiar SN II 2013ej [110]. Solid lines are the results of our approximation by
Multivariate Gaussian Process. The vertical line denotes the moment of maximum in r filter.
a peculiar rise time, non-evolving blue colour, and unusual strong C II absorption. These features can be explained by
the ejecta interaction with nearby, unbound material or/and significant 56Ni mixing within the SN ejecta [104].
5.2 Peculiar SNe II
Type II supernovae arise from the core collapse of massive stars at the final stage of their evolution. The radius of these
stars can be several hundred times greater than the solar radius, and their extremely tenuous envelopes contain large
amounts of hydrogen. That is why hydrogen lines are the most prominent in the spectra of SNe II. Based on the shape of
light curves Type II supernovae have historically been divided into the Type IIL (linear) and Type IIP (plateau) subtypes,
however the following studies revealed a continuity in light curve slopes of Type II SNe [105, 106].
5.2.1 SN2013ej
Light curve of SN2013ej, discovered by the Lick Observatory Supernova Search on 2013 July 25.45 UT [107], appears
intermediate between those of Type IIP and IIL supernovae (see Fig. 12). The event has a higher peak luminosity, a
faster post-peak decline, and a shorter plateau phase compared to the normal Type IIP SN 1999em. The radioactive 56Ni
mass is 0.02 M, which is significantly lower than for typical SNe IIP [108]. The source exhibits signs of substantial
geometric asphericity, X-rays from persistent interaction with circumstellar material (CSM), thermal emission from
warm dust [109].
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Figure 13: Light curves in gri filters of peculiar SN II 2016ija [114]. Solid lines are the results of our approximation by
Multivariate Gaussian Process. The vertical line denotes the moment of maximum in r filter.
5.2.2 SN2016ija
This supernova was discovered on 2016 November 21.19 UT ([111], see Fig. 13) during one-day cadence SN search for
very young transients in the nearby Universe (DLT40). Using SNID [112], it was first suggested to be an early time
91T-like SN Ia with few features and red continuum. It has been also associated to the outburst in an obscured luminous
blue variable, an intermediate luminosity red transient or a luminous red nova [113]. The subsequent spectroscopic
follow-up revealed broad Hα and calcium features, leading to a classification as a highly extinguished Type II supernova.
The colour excess from the host galaxy (NGC 1532) is E(B − V)host = 1.95 ± 0.15 mag [114]. Moreover, SN2016ija is
brighter than usual SNe II (see fig. 6 of [114]).
5.3 Superluminous SNe
Superluminous SNe are supernovae with an absolute peak magnitude M < −21 mag in any band. According to [115]
SLSN can be divided into three broad classes: SLSN-I without hydrogen in their spectra, hydrogen-rich SLSN-II that
often show signs of interaction with CSM, and finally, SLSN-R, a rare class of hydrogen-poor events with slowly
evolving LCs, powered by the radioactive decay of 56Ni. SLSN-R are suspected to be pair-instability supernovae: the
deaths of stars with initial masses between 140 and 260 solar masses.
In our anomaly list in Table 1 there are four SLSN: SDSS-II SN 17789, SN2015bn, PTF10aagc, SN2213-1745.
5.3.1 SN2213-1745
SN2213-1745 was discovered at z = 2.046 by the Canada-France-Hawaii Telescope Legacy Survey (Fig. 14). It belongs
to the SLSN-R events. [116] suggested that SN 2213-1745 may be powered by the radiative decay of a 4–7 M of
synthesised 56Ni, and implied a progenitor with an estimated initial mass of ∼250 M.
5.3.2 PTF10aagc
The high peak luminosity (Lbol,peak = 1043.7 erg s−1) and the absence of hydrogen lines in early spectrum allowed
to attribute PTF10aagc to SLSN-I ([117], see Fig. 15). However, the latter spectra revealed a broad Hα and the
corresponding weak, but detected Hβ [118]. This particularity makes PTF10aagc clearly distinct from others SLSN-I.
Such spectral behaviour can be explained by interaction between SLSN-I ejecta and a H-rich circumstellar material
at late times [118]. The host of PTF10aagc is bright and shows clear morphological structure suggesting a possible
ongoing merger [119].
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Figure 14: Light curves in g′r ′i′ filters of superluminous supernova SN2213-1745 [116]. Solid lines are the results of
our approximation byMultivariate Gaussian Process. The vertical line denotes the moment of maximum in r ′ filter.
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Figure 15: Light curves in gri filters of superluminous supernova PTF10aagc [117]. Solid lines are the results of our
approximation byMultivariate Gaussian Process. The vertical line denotes the moment of maximum in r filter.
5.4 Misclassified objects
5.4.1 SN2006kg
SN2006kg was first classified as a possible Type II SN ([120], see Fig. 16). It is also appeared as Type II spectroscopically
confirmed supernova in table 6 of [121]. However, further analysis of 3.6-m New Technology Telescope spectrum
revealed that SN2006kg is an active galactic nucleus [122, 64]. It is interesting that SN2006kg continues to appear as
supernova in host studies [123] and was even in a set of 12 well-observed events that were used as Type II supernova
templates [124]. The object is not in the WISE AGN Catalog [125] that consists of >20 millions AGN candidates.
5.4.2 Gaia16aye
Gaia16aye [126] is an object with the most non-SN-like behavior among our set of outliers (Fig. 17). In [127] it was
reported that Gaia16aye is a binary microlensing event — gravitational microlensing of binary systems — the first ever
discovered towards the Galactic Plane.
5.4.3 Possible misclassified objects
Our analysis also reveals that 16 objects classified as pSN by [64], where a prefix "p" indicates a purely photometric
type, are likely to be stars or quasars. First, we do not find any signature of supernovae on the corresponding multicolour
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Figure 16: Light curves in g′r ′i′ filters of active galactic nucleus SN2006kg [64]. Solid lines are the results of our
approximation byMultivariate Gaussian Process. The vertical line denotes the moment of maximum in r ′ filter.
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Figure 17: Light curves in gri filters of binary microlensing event Gaia16aye (http://gsaweb.ast.cam.ac.uk/
alerts/alert/Gaia16aye/followup). Solid lines are the results of our approximation byMultivariate Gaussian
Process. The vertical line denotes the moment of maximum in r filter.
light curves. Then, according to SDSS DR1510 type of SDSS-II SN 5314, SDSS-II SN 14170, SDSS-II SN 15565,
SDSS-II SN 13725, SDSS-II SN 13741, SDSS-II SN 19699, SDSS-II SN 18266, SDSS-II SN 4226, SDSS-II SN 2809,
SDSS-II SN 6992 is denoted as STAR. Moreover, all these objects can be found in Pan-STARRS Catalog with
Pan-STARRS magnitudes equal or even brighter than those on the corresponding light curves.
The other objects SDSS-II SN 1706, SDSS-II SN 17756, SDSS-II SN 17339, SDSS-II SN 17509, SDSS-II SN 4652,
SDSS-II SN 19395 have a BOSS [128] spectrum with class "QSO" and have high redshifts (see Table 1)
6 Conclusions
The development of large sky surveys has led to a discovery of a huge number of supernovae and supernova candidates.
Among the SNe discovered every year, only 10% have spectroscopic confirmation. The amount of astronomical data
increases dramatically with time and is already beyond human capabilities. The astronomical community already
has dozens of thousands of SN candidates, and LSST survey [15] will discover over ten million supernovae in the
forthcoming decade. Only a small fraction of them will receive a spectroscopic confirmation. This motivates a
considerable effort in photometric classification of supernovae by types using machine learning algorithms. There is,
10http://skyserver.sdss.org/dr15/en/tools/explore/summary.aspx
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however, another aspect of the problem: any large photometric SN database would suffer from the non-SN contamination
(novae, kilonovae, GRB afterglows, AGNs, etc.). Moreover, the database will inevitably contain the astronomical objects
with unusual physical properties — anomalies. Finding such objects and studying them in detail is very important and
constitutes the main goal of this paper.
The analysis presented here is based on the photometric data extracted from the Open Supernova Catalog [57]. The
use of real data allows us to reveal a lot of caveats in observations at the pre-pocessing stage – many of which are not
normally present in the simulated data. After pre-processing, we obtain 1999 SNe with light curves either in gri or in
g′r ′i′ or in BRI filters approximated by Gaussian processes. We consider 10 different data sets: one that includes the
approximated photometric observations (A), another with the parameters of Gaussian process only (B) and 8 data sets
were the information in GP photometry and GP parameters were summarised via dimensionality reduction using t-SNE
(dimension varying from 2 to 9, case C).
We apply the isolation forest algorithm to all data sets, considering a 1% contamination for cases A/B and 2%
contamination for all data sets in case C. We visually checked all objects identified in cases A and B. We also checked
all the objects which were identified as anomalous in at least 2 of the data sets in case C. As a result, we find ∼100
anomalies, 40 from cases A/B and 60 which were identified in at least two data sets of case C. Among these, 19 objects
were identified by both strategies, with and without dimensionality reduction. Our final validation analysis resulting
in 81 objects which were carefully studied with the use of publicly available information. Among these there are
four superluminous supernovae (SDSS-II SN 17789, SN2015bn, PTF10aagc, SN2213-1745), non-classical Type Ia
SNe (91T-like SNe 2016bln, PS15cfn, SNLS-03D1cm; peculiar SN2002bj and SN2013cv), two unusual Type II SNe
which anomalous multicolour light curve behaviour can be due to the environment (SN2013ej, SN2016ija), one AGN –
SN2006kg, and one binary microlensing event Gaia16aye. We also find that 16 anomalies classified as supernovae
by [64], which are likely to be stars (SDSS-II SN 5314, SDSS-II SN 14170, SDSS-II SN 15565, SDSS-II SN 13725,
SDSS-II SN 13741, SDSS-II SN 19699, SDSS-II SN 18266, SDSS-II SN 4226, SDSS-II SN 2809, SDSS-II SN 6992)
or quasars (SDSS-II SN 1706, SDSS-II SN 17756, SDSS-II SN 17339, SDSS-II SN 17509, SDSS-II SN 4652,
SDSS-II SN 19395). However, without careful spectral analysis it is difficult to distinguish a high-redshift supernova
against a background galaxy or from quasar activity. As a confirmation of the robustness of the pipeline used here, we
note that of the 9 objects identified as anomalies in all data sets of case C, 5 are miss-classifications and 1 is an extreme
case of bad photometry.
In summary, the isolation forest analysis identified 81 potentially interesting objects, from which 27 (33%) where
confirmed to be non-SN events or representatives of the rare SN classes. This corresponds to 1.4% of the original data
set which was identified demanding significantly less resources than a manual search would entail. Among these objects,
we report for the first time the 16 star/quasar-like objects misclassified as SNe.
It is important to note that this results are not expected to be complete. For example, there are known SLSN which
were not identified as anomalies in our search, as well as 1 object (SN1000+0216) at very high redshift which was
identified as anomalous in only 1 of the data sets for case C — and consequently was not included in our final list. This
is a natural consequence of the pre-processing analysis we chose to adopt, where the objects are mainly characterised by
their light curve shape (all photometric features were normalised). In this context, differences in intrinsic brightness
only marginally affect our final results. Another source of false negatives can be traced back to GP approximations, the
typical example being Gaia16aye (Fig. 17). From a visual inspection of its observed photometric points this objects is
obviously not a SN. However, it appeared only in 3 of the 8 possible data sets in case C. A more detailed analysis of its
GP approximation (solid line in Fig. 17), reveals that the information input to the ML model was much smoother than
one would expect. As a consequence, the algorithm struggles to separate it from other slow declining events.
Nevertheless, the above results provide clear evidence of the effectiveness of automated anomaly detection algorithms
for photometric SN light curve analysis. In this work we used data from the OSC in order to provide a proof of concept.
Although this is not a big data sample, it does allow us to search for independent information in the literature on
which we could confirm our findings. This approach to the analysis of photometric light curves will be paramount for
future astronomical surveys like LSST, which will not be able to afford a manual research or the possibility to overlook
interesting objects deviating from the bulk of the data — where the most interesting physics resides.
The code of this work and the data are available at http://xray.sai.msu.ru/snad/.
Acknowledgements
M. Pruzhinskaya and M. Kornilov are supported by RFBR grant according to the research project 18-32-00426 for
anomaly analysis and LCs approximation. K. Malanchev is supported by RBFR grant 18-32-00553 for preparing the
Open Supernova Catalog data. E. E. O. Ishida acknowledges support from CNRS 2017 MOMENTUM grant and
15
A preprint - May 29, 2019
Foundation for the advancement of theoretical physics and Mathematics "BASIS". A. Volnova acknowledges support
from RSF grant 18-12-00522 for analysis of interpolated LCs. We used the equipment funded by the LomonosovMoscow
State University Program of Development. The authors acknowledge the support from the Program of Development
of M.V. Lomonosov Moscow State University (Leading Scientific School "Physics of stars, relativistic objects and
galaxies"). This research has made use of NASA’s Astrophysics Data System Bibliographic Services and following
Python software packages: NumPy [129],Matplotlib [130], SciPy [131], pandas [132], and scikit-learn [133].
References
[1] K. Nomoto, C. Kobayashi, and N. Tominaga. Nucleosynthesis in Stars and the Chemical Enrichment of Galaxies.
Annual Review of Astronomy and Astrophysics, 51:457–509, August 2013.
[2] G. Morlino. High-Energy Cosmic Rays from Supernovae, page 1711. 2017.
[3] T. Nagakura, T. Hosokawa, and K. Omukai. Star formation triggered by supernova explosions in young galaxies.
MNRAS, 399:2183–2194, November 2009.
[4] G. Chiaki, N. Yoshida, and T. Kitayama. Low-mass Star Formation Triggered by Early Supernova Explosions.
ApJ, 762:50, January 2013.
[5] R. P. Kirshner and J. Kwan. Distances to extragalactic supernovae. ApJ, 193:27–36, October 1974.
[6] M. Hamuy and P. A. Pinto. Type II Supernovae as Standardized Candles. ApJL, 566:L63–L65, February 2002.
[7] A. G. Riess, A. V. Filippenko, P. Challis, A. Clocchiatti, A. Diercks, P. M. Garnavich, R. L. Gilliland, C. J.
Hogan, S. Jha, R. P. Kirshner, B. Leibundgut, M. M. Phillips, D. Reiss, B. P. Schmidt, R. A. Schommer, R. C.
Smith, J. Spyromilio, C. Stubbs, N. B. Suntzeff, and J. Tonry. Observational Evidence from Supernovae for an
Accelerating Universe and a Cosmological Constant. AJ, 116:1009–1038, September 1998.
[8] S. Perlmutter, G. Aldering, G. Goldhaber, R. A. Knop, P. Nugent, P. G. Castro, S. Deustua, S. Fabbro, A. Goobar,
D. E. Groom, I. M. Hook, A. G. Kim, M. Y. Kim, J. C. Lee, N. J. Nunes, R. Pain, C. R. Pennypacker, R. Quimby,
C. Lidman, R. S. Ellis, M. Irwin, R. G. McMahon, P. Ruiz-Lapuente, N. Walton, B. Schaefer, B. J. Boyle,
A. V. Filippenko, T. Matheson, A. S. Fruchter, N. Panagia, H. J. M. Newberg, W. J. Couch, and The Supernova
Cosmology Project. Measurements of Omega and Lambda from 42 High-Redshift Supernovae. ApJ, 517:565–586,
June 1999.
[9] M. Betoule, R. Kessler, J. Guy, J. Mosher, D. Hardin, R. Biswas, P. Astier, P. El-Hage, M. Konig, S. Kuhlmann,
J. Marriner, R. Pain, N. Regnault, C. Balland, B. A. Bassett, P. J. Brown, H. Campbell, R. G. Carlberg,
F. Cellier-Holzem, D. Cinabro, A. Conley, C. B. D’Andrea, D. L. DePoy, M. Doi, R. S. Ellis, S. Fabbro, A. V.
Filippenko, R. J. Foley, J. A. Frieman, D. Fouchez, L. Galbany, A. Goobar, R. R. Gupta, G. J. Hill, R. Hlozek, C. J.
Hogan, I. M. Hook, D. A. Howell, S. W. Jha, L. Le Guillou, G. Leloudas, C. Lidman, J. L. Marshall, A. Möller,
A. M. Mourão, J. Neveu, R. Nichol, M. D. Olmstead, N. Palanque-Delabrouille, S. Perlmutter, J. L. Prieto,
C. J. Pritchet, M. Richmond, A. G. Riess, V. Ruhlmann-Kleider, M. Sako, K. Schahmaneche, D. P. Schneider,
M. Smith, J. Sollerman, M. Sullivan, N. A. Walton, and C. J. Wheeler. Improved cosmological constraints from a
joint analysis of the SDSS-II and SNLS supernova samples. A&A, 568:A22, August 2014.
[10] D. M. Scolnic, D. O. Jones, A. Rest, Y. C. Pan, R. Chornock, R. J. Foley, M. E. Huber, R. Kessler, G. Narayan,
A. G. Riess, S. Rodney, E. Berger, D. J. Brout, P. J. Challis, M. Drout, D. Finkbeiner, R. Lunnan, R. P. Kirshner,
N. E. Sanders, E. Schlafly, S. Smartt, C. W. Stubbs, J. Tonry, W. M. Wood-Vasey, M. Foley, J. Hand, E. Johnson,
W. S. Burgett, K. C. Chambers, P. W. Draper, K. W. Hodapp, N. Kaiser, R. P. Kudritzki, E. A. Magnier,
N. Metcalfe, F. Bresolin, E. Gall, R. Kotak, M. McCrum, and K. W. Smith. The Complete Light-curve Sample of
Spectroscopically Confirmed SNe Ia from Pan-STARRS1 and Cosmological Constraints from the Combined
Pantheon Sample. ApJ, 859:101, June 2018.
[11] M. Hamuy, G. Folatelli, N. I. Morrell, M. M. Phillips, N. B. Suntzeff, S. E. Persson, M. Roth, S. Gonzalez,
W. Krzeminski, C. Contreras, W. L. Freedman, D. C. Murphy, B. F. Madore, P. Wyatt, J. Maza, A. V. Filippenko,
W. Li, and P. A. Pinto. The Carnegie Supernova Project: The Low-Redshift Survey. PASP, 118:2–20, January
2006.
[12] N. Kaiser, W. Burgett, K. Chambers, L. Denneau, J. Heasley, R. Jedicke, E. Magnier, J. Morgan, P. Onaka, and
J. Tonry. The Pan-STARRS wide-field optical/NIR imaging survey. In Ground-based and Airborne Telescopes
III, volume 7733 of Proceedings SPIE, page 77330E, July 2010.
[13] K. C. Chambers, E. A. Magnier, N. Metcalfe, H. A. Flewelling, M. E. Huber, C. Z. Waters, L. Denneau, P. W.
Draper, D. Farrow, D. P. Finkbeiner, C. Holmberg, J. Koppenhoefer, P. A. Price, A. Rest, R. P. Saglia, E. F.
Schlafly, S. J. Smartt, W. Sweeney, R. J. Wainscoat, W. S. Burgett, S. Chastel, T. Grav, J. N. Heasley, K. W.
16
A preprint - May 29, 2019
Hodapp, R. Jedicke, N. Kaiser, R.-P. Kudritzki, G. A. Luppino, R. H. Lupton, D. G. Monet, J. S. Morgan,
P. M. Onaka, B. Shiao, C. W. Stubbs, J. L. Tonry, R. White, E. Bañados, E. F. Bell, R. Bender, E. J. Bernard,
M. Boegner, F. Boffi, M. T. Botticella, A. Calamida, S. Casertano, W.-P. Chen, X. Chen, S. Cole, N. Deacon,
C. Frenk, A. Fitzsimmons, S. Gezari, V. Gibbs, C. Goessl, T. Goggia, R. Gourgue, B. Goldman, P. Grant, E. K.
Grebel, N. C. Hambly, G. Hasinger, A. F. Heavens, T. M. Heckman, R. Henderson, T. Henning, M. Holman,
U. Hopp, W.-H. Ip, S. Isani, M. Jackson, C. D. Keyes, A. M. Koekemoer, R. Kotak, D. Le, D. Liska, K. S. Long,
J. R. Lucey, M. Liu, N. F. Martin, G. Masci, B. McLean, E. Mindel, P. Misra, E. Morganson, D. N. A. Murphy,
A. Obaika, G. Narayan, M. A. Nieto-Santisteban, P. Norberg, J. A. Peacock, E. A. Pier, M. Postman, N. Primak,
C. Rae, A. Rai, A. Riess, A. Riffeser, H. W. Rix, S. Röser, R. Russel, L. Rutz, E. Schilbach, A. S. B. Schultz,
D. Scolnic, L. Strolger, A. Szalay, S. Seitz, E. Small, K. W. Smith, D. R. Soderblom, P. Taylor, R. Thomson, A. N.
Taylor, A. R. Thakar, J. Thiel, D. Thilker, D. Unger, Y. Urata, J. Valenti, J. Wagner, T. Walder, F. Walter, S. P.
Watters, S. Werner, W. M. Wood-Vasey, and R. Wyse. The Pan-STARRS1 Surveys. arXiv e-prints, December
2016.
[14] Dark Energy Survey Collaboration, T. Abbott, F. B. Abdalla, J. Aleksić, S. Allam, A. Amara, D. Bacon,
E. Balbinot, M. Banerji, K. Bechtol, A. Benoit-Lévy, G. M. Bernstein, E. Bertin, J. Blazek, C. Bonnett, S. Bridle,
D. Brooks, R. J. Brunner, E. Buckley-Geer, D. L. Burke, G. B. Caminha, D. Capozzi, J. Carlsen, A. Carnero-Rosell,
M. Carollo, M. Carrasco-Kind, J. Carretero, F. J. Castander, L. Clerkin, T. Collett, C. Conselice, M. Crocce,
C. E. Cunha, C. B. D’Andrea, L. N. da Costa, T. M. Davis, S. Desai, H. T. Diehl, J. P. Dietrich, S. Dodelson,
P. Doel, A. Drlica-Wagner, J. Estrada, J. Etherington, A. E. Evrard, J. Fabbri, D. A. Finley, B. Flaugher, R. J.
Foley, P. Fosalba, J. Frieman, J. García-Bellido, E. Gaztanaga, D. W. Gerdes, T. Giannantonio, D. A. Goldstein,
D. Gruen, R. A. Gruendl, P. Guarnieri, G. Gutierrez, W. Hartley, K. Honscheid, B. Jain, D. J. James, T. Jeltema,
S. Jouvel, R. Kessler, A. King, D. Kirk, R. Kron, K. Kuehn, N. Kuropatkin, O. Lahav, T. S. Li, M. Lima, H. Lin,
M. A. G. Maia, M. Makler, M. Manera, C. Maraston, J. L. Marshall, P. Martini, R. G. McMahon, P. Melchior,
A. Merson, C. J. Miller, R. Miquel, J. J. Mohr, X. Morice-Atkinson, K. Naidoo, E. Neilsen, R. C. Nichol,
B. Nord, R. Ogando, F. Ostrovski, A. Palmese, A. Papadopoulos, H. V. Peiris, J. Peoples, W. J. Percival, A. A.
Plazas, S. L. Reed, A. Refregier, A. K. Romer, A. Roodman, A. Ross, E. Rozo, E. S. Rykoff, I. Sadeh, M. Sako,
C. Sánchez, E. Sanchez, B. Santiago, V. Scarpine, M. Schubnell, I. Sevilla-Noarbe, E. Sheldon, M. Smith, R. C.
Smith, M. Soares-Santos, F. Sobreira, M. Soumagnac, E. Suchyta, M. Sullivan, M. Swanson, G. Tarle, J. Thaler,
D. Thomas, R. C. Thomas, D. Tucker, J. D. Vieira, V. Vikram, A. R. Walker, R. H. Wechsler, J. Weller, W. Wester,
L. Whiteway, H. Wilcox, B. Yanny, Y. Zhang, and J. Zuntz. The Dark Energy Survey: more than dark energy -
an overview. MNRAS, 460:1270–1299, August 2016.
[15] LSST Science Collaboration, P. A. Abell, J. Allison, S. F. Anderson, J. R. Andrew, J. R. P. Angel, L. Armus,
D. Arnett, S. J. Asztalos, T. S. Axelrod, and et al. LSST Science Book, Version 2.0. ArXiv e-prints, December
2009.
[16] N. M. Ball and R. J. Brunner. Data Mining and Machine Learning in Astronomy. International Journal of
Modern Physics D, 19:1049–1106, 2010.
[17] S. D. McCauliff, J. M. Jenkins, J. Catanzarite, C. J. Burke, J. L. Coughlin, J. D. Twicken, P. Tenenbaum, S. Seader,
J. Li, and M. Cote. Automatic Classification of Kepler Planetary Transit Candidates. ApJ, 806:6, June 2015.
[18] S. E. Thompson, F. Mullally, J. Coughlin, J. L. Christiansen, C. E. Henze, M. R. Haas, and C. J. Burke. A
Machine Learning Technique to Identify Transit Shaped Signals. ApJ, 812:46, October 2015.
[19] K. A. Pearson, L. Palafox, and C. A. Griffith. Searching for exoplanets using artificial intelligence. MNRAS,
474:478–491, February 2018.
[20] Xi Chen and Hemant Ishwaran. Random forests for genomic data analysis. Genomics, 99(6):323 – 329, 2012.
[21] M. W. Libbrecht and W. S. Noble. Machine learning applications in genetics and genomics. Nature Reviews
Genetics, 16:321–332, 2015.
[22] Daniel Quang and Xiaohui Xie. DanQ: a hybrid convolutional and recurrent deep neural network for quantifying
the function of DNA sequences. Nucleic Acids Research, 44(11):e107–e107, 04 2016.
[23] C. Criscia, B. Ghattasb, and G. Pererac. A review of supervised machine learning algorithms and their applications
to ecological data. Ecological Modelling, 240:113–122, 2012.
[24] Vikram Venkatraghavan, Esther E. Bron, Wiro J. Niessen, and Stefan Klein. Disease progression timeline
estimation for alzheimer’s disease using discriminative event based modeling. NeuroImage, 186:518 – 532, 2019.
[25] Florian Dubost, Pinar Yilmaz, Hieab Adams, Gerda Bortsova, M. Arfan Ikram, Wiro Niessen, Meike Vernooij,
and Marleen de Bruijne. Enlarged perivascular spaces in brain mri: Automated quantification in four regions.
NeuroImage, 185:534 – 544, 2019.
17
A preprint - May 29, 2019
[26] R. Kessler, B. Bassett, P. Belov, V. Bhatnagar, H. Campbell, A. Conley, J. A. Frieman, A. Glazov, S. González-
Gaitán, R. Hlozek, S. Jha, S. Kuhlmann, M. Kunz, H. Lampeitl, A. Mahabal, J. Newling, R. C. Nichol,
D. Parkinson, N. Sajeeth Philip, D. Poznanski, J. W. Richards, S. A. Rodney, M. Sako, D. P. Schneider, M. Smith,
M. Stritzinger, and M. Varughese. Results from the Supernova Photometric Classification Challenge. PASP,
122:1415, December 2010.
[27] E. E. O. Ishida and R. S. de Souza. Kernel PCA for Type Ia supernovae photometric classification. MNRAS,
430:509–532, March 2013.
[28] M. Lochner, J. D. McEwen, H. V. Peiris, O. Lahav, and M. K. Winter. Photometric Supernova Classification
with Machine Learning. ApJS, 225:31, August 2016.
[29] S. Heinis, S. Kumar, S. Gezari, W. S. Burgett, K. C. Chambers, P. W. Draper, H. Flewelling, N. Kaiser, E. A.
Magnier, N. Metcalfe, and C. Waters. Of Genes and Machines: Application of a Combination of Machine
Learning Tools to Astronomy Data Sets. ApJ, 821:86, April 2016.
[30] E. E. O. Ishida, R. Beck, S. González-Gaitán, R. S. de Souza, A. Krone-Martins, J. W. Barrett, N. Kennamer,
R. Vilalta, J. M. Burgess, B. Quint, A. Z. Vitorelli, A. Mahabal, and E. Gangler. Optimizing spectroscopic
follow-up strategies for supernova photometric classification with active learning. MNRAS, 483:2–18, February
2019.
[31] K. Sooknunan, M. Lochner, Bruce A. Bassett, H. V. Peiris, R. Fender, A. J. Stewart, M. Pietka, P. A. Woudt, J. D.
McEwen, and O. Lahav. Classification of Multiwavelength Transients with Machine Learning. arXiv e-prints,
page arXiv:1811.08446, Nov 2018.
[32] H. Hildebrandt, S. Arnouts, P. Capak, L. A. Moustakas, C. Wolf, F. B. Abdalla, R. J. Assef, M. Banerji, N. Benítez,
G. B. Brammer, T. Budavári, S. Carliles, D. Coe, T. Dahlen, R. Feldmann, D. Gerdes, B. Gillis, O. Ilbert,
R. Kotulla, O. Lahav, I. H. Li, J.-M. Miralles, N. Purger, S. Schmidt, and J. Singal. PHAT: PHoto-z Accuracy
Testing. A&A, 523:A31, November 2010.
[33] S. Cavuoti, M. Brescia, C. Tortora, G. Longo, N. R. Napolitano, M. Radovich, F. La Barbera, M. Capaccioli,
J. T. A. de Jong, F. Getman, A. Grado, and M. Paolillo. Machine-learning-based photometric redshifts for
galaxies of the ESO Kilo-Degree Survey data release 2. MNRAS, 452:3100–3105, September 2015.
[34] R. Vilalta, E. E. O. Ishida, R. Beck, R. Sutrisno, R. S. de Souza, and A. Mahabal. Photometric redshift estimation:
An active learning approach. In 2017 IEEE Symposium Series on Computational Intelligence (SSCI), pages 1–8,
Nov 2017.
[35] R. Beck, C. A. Lin, E. E. O. Ishida, F. Gieseke, R. S. de Souza, M. V. Costa-Duarte, M. W. Hattab, and
A. Krone-Martins. On the realistic validation of photometric redshifts. MNRAS, 468:4323–4339, July 2017.
[36] Joseph W. Richards, Darren Homrighausen, Peter E. Freeman, Chad M. Schafer, and Dovi Poznanski. Semi-
supervised learning for photometric supernova classification. MNRAS, 419:1121–1135, Jan 2012.
[37] L. du Buisson, N. Sivanandam, Bruce A. Bassett, and M. Smith. Machine learning classification of SDSS
transient survey images. MNRAS, 454:2026–2038, Dec 2015.
[38] N. E. Sanders, M. Betancourt, and A.M. Soderberg. Unsupervised Transient Light Curve Analysis via Hierarchical
Bayesian Inference. ApJ, 800:36, February 2015.
[39] A. Möller, V. Ruhlmann-Kleider, C. Leloup, J. Neveu, N. Palanque-Delabrouille, J. Rich, R. Carlberg, C. Lidman,
and C. Pritchet. Photometric classification of type Ia supernovae in the SuperNova Legacy Survey with supervised
learning. Journal of Cosmology and Astro-Particle Physics, 2016:008, Dec 2016.
[40] Tom Charnock and Adam Moss. Deep Recurrent Neural Networks for Supernovae Classification. ApJ, 837:L28,
Mar 2017.
[41] E. A. Revsbech, R. Trotta, and D. A. van Dyk. STACCATO: a novel solution to supernova photometric
classification with biased training sets. MNRAS, 473:3969–3986, Jan 2018.
[42] Anthony Brunel, Johanna Pasquet, Jérôme Pasquet, Nancy Rodriguez, Frédéric Comby, Dominique Fouchez,
and Marc Chaumont. A CNN adapted to time series for the classification of Supernovae. arXiv e-prints, page
arXiv:1901.00461, Jan 2019.
[43] Johanna Pasquet, Jérôme Pasquet, Marc Chaumont, and Dominique Fouchez. PELICAN: deeP architecturE for
the LIght Curve ANalysis. arXiv e-prints, page arXiv:1901.01298, Jan 2019.
[44] Anais Möller and Thibault de Boissière. SuperNNova: an open-source framework for Bayesian, Neural Network
based supernova classification. arXiv e-prints, page arXiv:1901.06384, Jan 2019.
[45] A. Rubin and A. Gal-Yam. Unsupervised Clustering of Type II Supernova Light Curves. ApJ, 828:111, September
2016.
18
A preprint - May 29, 2019
[46] M. Sasdelli, E. E. O. Ishida, R. Vilalta, M. Aguena, V. C. Busti, H. Camacho, A. M. M. Trindade, F. Gieseke,
R. S. de Souza, Y. T. Fantaye, and P. A. Mazzali. Exploring the spectroscopic diversity of Type Ia supernovae
with DRACULA: a machine learning approach. MNRAS, 461:2044–2059, September 2016.
[47] Daniel Muthukrishna, David Parkinson, and Brad Tucker. DASH: Deep Learning for the Automated Spectral
Classification of Supernovae and their Hosts. arXiv e-prints, page arXiv:1903.02557, Mar 2019.
[48] Umaa Rebbapragada, Pavlos Protopapas, Carla E. Brodley, and Charles Alcock. Finding anomalous periodic
time series. Machine Learning, 74(3):281–313, Mar 2009.
[49] Marc Henrion, David J. Hand, Axel Gandy, and Daniel J. Mortlock. Casos: a subspace method for anomaly
detection in high dimensional astronomical databases. Statistical Analysis and Data Mining: The ASA Data
Science Journal, 6(1):53–72, 2013.
[50] D. Baron and D. Poznanski. The weirdest SDSS galaxies: results from an outlier detection algorithm. MNRAS,
465:4530–4555, March 2017.
[51] I. Nun, K. Pichara, P. Protopapas, and D.-W. Kim. Supervised Detection of Anomalous Light Curves in Massive
Astronomical Catalogs. ApJ, 793:23, September 2014.
[52] A. Pastorello, X.-F. Wang, F. Ciabattari, D. Bersier, P. A. Mazzali, X. Gao, Z. Xu, J.-J. Zhang, S. Tokuoka,
S. Benetti, E. Cappellaro, N. Elias-Rosa, A. Harutyunyan, F. Huang, M. Miluzio, J. Mo, P. Ochner, L. Tartaglia,
G. Terreran, L. Tomasella, and M. Turatto. Massive stars exploding in a He-rich circumstellar medium - IX. SN
2014av, and characterization of Type Ibn SNe. MNRAS, 456:853–869, February 2016.
[53] G. Folatelli, C. Contreras, M. M. Phillips, S. E. Woosley, S. Blinnikov, N. Morrell, N. B. Suntzeff, B. L. Lee,
M. Hamuy, S. González, W. Krzeminski, M. Roth, W. Li, A. V. Filippenko, R. J. Foley, W. L. Freedman, B. F.
Madore, S. E. Persson, D. Murphy, S. Boissier, G. Galaz, L. González, P. J. McCarthy, A. McWilliam, and
W. Pych. SN 2005bf: A Possible Transition Event between Type Ib/c Supernovae and Gamma-Ray Bursts. ApJ,
641:1039–1050, April 2006.
[54] S. Ben-Ami, A. Gal-Yam, P. A. Mazzali, O. Gnat, M. Modjaz, I. Rabinak, M. Sullivan, L. Bildsten, D. Poznanski,
O. Yaron, I. Arcavi, J. S. Bloom, A. Horesh, M. M. Kasliwal, S. R. Kulkarni, P. E. Nugent, E. O. Ofek, D. Perley,
R. Quimby, and D. Xu. SN 2010mb: Direct Evidence for a Supernova Interacting with a Large Amount of
Hydrogen-free Circumstellar Material. ApJ, 785:37, April 2014.
[55] S. Dong, B. J. Shappee, J. L. Prieto, S. W. Jha, K. Z. Stanek, T. W.-S. Holoien, C. S. Kochanek, T. A. Thompson,
N. Morrell, I. B. Thompson, U. Basu, J. F. Beacom, D. Bersier, J. Brimacombe, J. S. Brown, F. Bufano, P. Chen,
E. Conseil, A. B. Danilet, E. Falco, D. Grupe, S. Kiyota, G. Masi, B. Nicholls, F. Olivares E., G. Pignata,
G. Pojmanski, G. V. Simonian, D. M. Szczygiel, and P. R. Woźniak. ASASSN-15lh: A highly super-luminous
supernova. Science, 351:257–260, January 2016.
[56] G. Leloudas, M. Fraser, N. C. Stone, S. van Velzen, P. G. Jonker, I. Arcavi, C. Fremling, J. R. Maund, S. J. Smartt,
T. Krìhler, J. C. A. Miller-Jones, P. M. Vreeswijk, A. Gal-Yam, P. A. Mazzali, A. De Cia, D. A. Howell, C. Inserra,
F. Patat, A. de Ugarte Postigo, O. Yaron, C. Ashall, I. Bar, H. Campbell, T.-W. Chen, M. Childress, N. Elias-Rosa,
J. Harmanen, G. Hosseinzadeh, J. Johansson, T. Kangas, E. Kankare, S. Kim, H. Kuncarayakti, J. Lyman, M. R.
Magee, K. Maguire, D. Malesani, S. Mattila, C. V. McCully, M. Nicholl, S. Prentice, C. Romero-Cañizales,
S. Schulze, K. W. Smith, J. Sollerman, M. Sullivan, B. E. Tucker, S. Valenti, J. C. Wheeler, and D. R. Young.
The superluminous transient ASASSN-15lh as a tidal disruption event from a Kerr black hole. Nature Astronomy,
1:0002, December 2016.
[57] J. Guillochon, J. Parrent, L. Z. Kelley, and R. Margutti. An Open Catalog for Supernova Data. ApJ, 835:64,
January 2017.
[58] G. Narayan, T. Zaidi, M. D. Soraisam, Z. Wang, M. Lochner, T. Matheson, A. Saha, S. Yang, Z. Zhao,
J. Kececioglu, C. Scheidegger, R. T. Snodgrass, T. Axelrod, T. Jenness, R. S. Maier, S. T. Ridgway, R. L.
Seaman, E. M. Evans, N. Singh, C. Taylor, J. Toeniskoetter, E. Welch, S. Zhu, and ANTARES Collaboration.
Machine-learning-based Brokers for Real-time Classification of the LSST Alert Stream. ApJS, 236:9, May 2018.
[59] Fei Tony Liu, Kai Ming Ting, and Zhi-Hua Zhou. Isolation-based anomaly detection. ACM Trans. Knowl. Discov.
Data, 6(1):3:1–3:39, March 2012.
[60] R. Barbon, V. Buondí, E. Cappellaro, and M. Turatto. The Asiago Supernova Catalogue - 10 years after.
Astronomy and Astrophysics Supplement, 139:531–536, November 1999.
[61] Ł. Wyrzykowski, S. Hodgkin, N. Blogorodnova, S. Koposov, and R. Burgon. Photometric Science Alerts from
Gaia. In 2nd Gaia Follow-up Network for Solar System Objects, page 21, September 2012.
19
A preprint - May 29, 2019
[62] H. Campbell, N. Blagorodnova, M. Fraser, G. Gilmore, S. Hodgkin, S. Koposov, N. Walton, and L. Wyrzykowski.
Photometric Science Alerts from Gaia. In P. R. Wozniak, M. J. Graham, A. A. Mahabal, and R. Seaman, editors,
The Third Hot-wiring the Transient Universe Workshop, pages 43–50, 2014.
[63] G. Aldering, G. Adam, P. Antilogus, P. Astier, R. Bacon, S. Bongard, C. Bonnaud, Y. Copin, D. Hardin,
F. Henault, D. A. Howell, J.-P. Lemonnier, J.-M. Levy, S. C. Loken, P. E. Nugent, R. Pain, A. Pecontal,
E. Pecontal, S. Perlmutter, R. M. Quimby, K. Schahmaneche, G. Smadja, and W. M. Wood-Vasey. Overview of
the Nearby Supernova Factory. In SPIE Conference Series, volume 4836, pages 61–72, December 2002.
[64] M. Sako, B. Bassett, A. C. Becker, P. J. Brown, H. Campbell, R. Wolf, D. Cinabro, C. B. D’Andrea, K. S.
Dawson, F. DeJongh, D. L. Depoy, B. Dilday, M. Doi, A. V. Filippenko, J. A. Fischer, R. J. Foley, J. A. Frieman,
L. Galbany, P. M. Garnavich, A. Goobar, R. R. Gupta, G. J. Hill, B. T. Hayden, R. Hlozek, J. A. Holtzman,
U. Hopp, S. W. Jha, R. Kessler, W. Kollatschny, G. Leloudas, J. Marriner, J. L. Marshall, R. Miquel, T. Morokuma,
J. Mosher, R. C. Nichol, J. Nordin, M. D. Olmstead, L. Östman, J. L. Prieto, M. Richmond, R. W. Romani,
J. Sollerman, M. Stritzinger, D. P. Schneider, M. Smith, J. C. Wheeler, N. Yasuda, and C. Zheng. The Data
Release of the Sloan Digital Sky Survey-II Supernova Survey. PASP, 130(6):064002, June 2018.
[65] D. Y. Tsvetkov, N. N. Pavlyuk, and O. S. Bartunov. VizieR Online Data Catalog: Sternberg Supernova Catalogue,
2004 version (Tsvetkov+, 2004). VizieR Online Data Catalog, 2256, March 2005.
[66] C. J. Pritchet and SNLS Collaboration. SNLS – The Supernova Legacy Survey. In S. C. Wolff and T. R. Lauer,
editors, Observing Dark Energy, volume 339 of Astronomical Society of the Pacific Conference Series, page 60,
August 2005.
[67] P. Astier, J. Guy, N. Regnault, R. Pain, E. Aubourg, D. Balam, S. Basa, R. G. Carlberg, S. Fabbro, D. Fouchez,
I. M. Hook, D. A. Howell, H. Lafoux, J. D. Neill, N. Palanque-Delabrouille, K. Perrett, C. J. Pritchet, J. Rich,
M. Sullivan, R. Taillet, G. Aldering, P. Antilogus, V. Arsenijevic, C. Balland, S. Baumont, J. Bronder, H. Courtois,
R. S. Ellis, M. Filiol, A. C. Gonçalves, A. Goobar, D. Guide, D. Hardin, V. Lusset, C. Lidman, R. McMahon,
M. Mouchet, A. Mourao, S. Perlmutter, P. Ripoche, C. Tao, and N. Walton. The Supernova Legacy Survey:
measurement of ΩM , ΩΛ and w from the first year data set. A&A, 447:31–48, February 2006.
[68] V. Lipunov, V. Kornilov, E. Gorbovskoy, N. Shatskij, D. Kuvshinov, N. Tyurina, A. Belinski, A. Krylov,
P. Balanutsa, V. Chazov, A. Kuznetsov, P. Kortunov, A. Sankovich, A. Tlatov, A. Parkhomenko, V. Krushinsky,
I. Zalozhnyh, A. Popov, T. Kopytova, K. Ivanov, S. Yazev, and V. Yurkov. Master Robotic Net. Advances in
Astronomy, 2010:349171, 2010.
[69] T. W.-S. Holoien, J. S. Brown, P. J. Vallely, K. Z. Stanek, C. S. Kochanek, B. J. Shappee, J. L. Prieto, S. Dong,
J. Brimacombe, D. W. Bishop, S. Bose, J. F. Beacom, D. Bersier, P. Chen, L. Chomiuk, E. Falco, S. Holmbo,
T. Jayasinghe, N. Morrell, G. Pojmanski, J. V. Shields, J. Strader, M. D. Stritzinger, T. A. Thompson, P. R.
Woźniak, G. Bock, P. Cacella, J. G. Carballo, I. Cruz, E. Conseil, R. G. Farfan, J. M. Fernandez, S. Kiyota, R. A.
Koff, G. Krannich, P. Marples, G. Masi, L. A. G. Monard, J. A. Muñoz, B. Nicholls, R. S. Post, G. Stone, D. L.
Trappett, and W. S. Wiethoff. The ASAS-SN bright supernova catalogue - IV. 2017. MNRAS, 484:1899–1911,
April 2019.
[70] N. M. Law, S. R. Kulkarni, R. G. Dekany, E. O. Ofek, R. M. Quimby, P. E. Nugent, J. Surace, C. C. Grillmair,
J. S. Bloom, M. M. Kasliwal, L. Bildsten, T. Brown, S. B. Cenko, D. Ciardi, E. Croner, S. G. Djorgovski, J. van
Eyken, A. V. Filippenko, D. B. Fox, A. Gal-Yam, D. Hale, N. Hamam, G. Helou, J. Henning, D. A. Howell,
J. Jacobsen, R. Laher, S. Mattingly, D. McKenna, A. Pickles, D. Poznanski, G. Rahmer, A. Rau, W. Rosing,
M. Shara, R. Smith, D. Starr, M. Sullivan, V. Velur, R. Walters, and J. Zolkower. The Palomar Transient Factory:
System Overview, Performance, and First Results. PASP, 121:1395, December 2009.
[71] Y. Cao, P. E. Nugent, and M. M. Kasliwal. Intermediate Palomar Transient Factory: Realtime Image Subtraction
Pipeline. PASP, 128(11):114502, November 2016.
[72] M. S. Bessell. UBVRI passbands. PASP, 102:1181–1199, October 1990.
[73] M. Fukugita, T. Ichikawa, J. E. Gunn, M. Doi, K. Shimasaku, and D. P. Schneider. The Sloan Digital Sky Survey
Photometric System. AJ, 111:1748, April 1996.
[74] D. L. Tucker, S. Kent, M. W. Richmond, J. Annis, J. A. Smith, S. S. Allam, C. T. Rodgers, J. L. Stute, J. K.
Adelman-McCarthy, J. Brinkmann, M. Doi, D. Finkbeiner, M. Fukugita, J. Goldston, B. Greenway, J. E. Gunn,
J. S. Hendry, D. W. Hogg, S.-I. Ichikawa, Ž. Ivezić, G. R. Knapp, H. Lampeitl, B. C. Lee, H. Lin, T. A. McKay,
A. Merrelli, J. A. Munn, E. H. Neilsen, Jr., H. J. Newberg, G. T. Richards, D. J. Schlegel, C. Stoughton, A. Uomoto,
and B. Yanny. The Sloan Digital Sky Survey monitor telescope pipeline. Astronomische Nachrichten, 327:821,
November 2006.
[75] J. A. Smith, D. L. Tucker, S. S. Allam, Ž. Ivezić, B. Yanny, J. E. Gunn, G. R. Knapp, D. Eisenstein, D. Finkbeiner,
and M. Fukugita. Historical View of the u’g’r’i’z’ Standard System. In C. Sterken, editor, The Future of
20
A preprint - May 29, 2019
Photometric, Spectrophotometric and Polarimetric Standardization, volume 364 of Astronomical Society of the
Pacific Conference Series, page 91, April 2007.
[76] M. Ganeshalingam, W. Li, A. V. Filippenko, C. Anderson, G. Foster, E. L. Gates, C. V. Griffith, B. J. Grigsby,
N. Joubert, J. Leja, T. B. Lowe, B. Macomber, T. Pritchard, P. Thrasher, and D. Winslow. Results of the Lick
Observatory Supernova Search Follow-up Photometry Program: BVRI Light Curves of 165 Type Ia Supernovae.
ApJS, 190:418–448, October 2010.
[77] C. Contreras, M. Hamuy, M. M. Phillips, G. Folatelli, N. B. Suntzeff, S. E. Persson, M. Stritzinger, L. Boldt,
S. González, W. Krzeminski, N. Morrell, M. Roth, F. Salgado, M. José Maureira, C. R. Burns, W. L. Freedman,
B. F. Madore, D. Murphy, P. Wyatt, W. Li, and A. V. Filippenko. The Carnegie Supernova Project: First
Photometry Data Release of Low-Redshift Type Ia Supernovae. AJ, 139:519–539, February 2010.
[78] J. M. Silverman, R. J. Foley, A. V. Filippenko, M. Ganeshalingam, A. J. Barth, R. Chornock, C. V. Griffith, J. J.
Kong, N. Lee, D. C. Leonard, T. Matheson, E. G. Miller, T. N. Steele, B. J. Barris, J. S. Bloom, B. E. Cobb, A. L.
Coil, L.-B. Desroches, E. L. Gates, L. C. Ho, S. W. Jha, M. T. Kandrashoff, W. Li, K. S. Mandel, M. Modjaz,
M. R. Moore, R. E. Mostardi, M. S. Papenkova, S. Park, D. A. Perley, D. Poznanski, C. A. Reuter, J. Scala,
F. J. D. Serduke, J. C. Shields, B. J. Swift, J. L. Tonry, S. D. Van Dyk, X. Wang, and D. S. Wong. Berkeley
Supernova Ia Program - I. Observations, data reduction and spectroscopic sample of 582 low-redshift Type Ia
supernovae. MNRAS, 425:1789–1818, September 2012.
[79] Carl Edward Rasmussen and Christopher K. I. Williams. Gaussian Processes for Machine Learning (Adaptive
Computation and Machine Learning). The MIT Press, 2005.
[80] T.A. Agekian. Fundamentals of the theory of errors for astronomers and physicists. Nauka, Moscow, 1972.
[81] Laurens van der Maaten and Geoffrey Hinton. Visualizing data using t-sne. Journal of machine learning research,
9(Nov):2579–2605, 2008.
[82] Geoffrey E Hinton and Sam T Roweis. Stochastic neighbor embedding. In Advances in neural information
processing systems, pages 857–864, 2003.
[83] Fei Tony Liu, Kai Ming Ting, and Zhi-Hua Zhou. Isolation forest. In 2008 Eighth IEEE International Conference
on Data Mining, pages 413–422. IEEE, 2008.
[84] Jon Louis Bentley. Multidimensional binary search trees used for associative searching. Commun. ACM,
18(9):509–517, September 1975.
[85] J. Whelan and I. Iben, Jr. Binaries and Supernovae of Type I. ApJ, 186:1007–1014, December 1973.
[86] I. Iben, Jr. and A. V. Tutukov. Supernovae of type I as end products of the evolution of binaries with components
of moderate initial mass (M not greater than about 9 solar masses). ApJS, 54:335–372, February 1984.
[87] R. F. Webbink. Double white dwarfs as progenitors of R Coronae Borealis stars and Type I supernovae. ApJ,
277:355–360, February 1984.
[88] A. V. Filippenko, M. W. Richmond, T. Matheson, J. C. Shields, E. M. Burbidge, R. D. Cohen, M. Dickinson,
M. A. Malkan, B. Nelson, J. Pietz, D. Schlegel, P. Schmeer, H. Spinrad, C. C. Steidel, H. D. Tran, and W. Wren.
The peculiar Type IA SN 1991T - Detonation of a white dwarf? ApJL, 384:L15–L18, January 1992.
[89] S. Blondin, T. Matheson, R. P. Kirshner, K. S. Mandel, P. Berlind, M. Calkins, P. Challis, P. M. Garnavich,
S. W. Jha, M. Modjaz, A. G. Riess, and B. P. Schmidt. The Spectroscopic Diversity of Type Ia Supernovae. AJ,
143:126, May 2012.
[90] A. V. Filippenko, M. W. Richmond, D. Branch, M. Gaskell, W. Herbst, C. H. Ford, R. R. Treffers, T. Matheson,
L. C. Ho, A. Dey, W. L. W. Sargent, T. A. Small, and W. J. M. van Breugel. The subluminous, spectroscopically
peculiar type IA supernova 1991bg in the elliptical galaxy NGC 4374. AJ, 104:1543–1556, October 1992.
[91] R. J. Foley, P. J. Challis, R. Chornock, M. Ganeshalingam, W. Li, G. H. Marion, N. I. Morrell, G. Pignata, M. D.
Stritzinger, J. M. Silverman, X. Wang, J. P. Anderson, A. V. Filippenko, W. L. Freedman, M. Hamuy, S. W.
Jha, R. P. Kirshner, C. McCully, S. E. Persson, M. M. Phillips, D. E. Reichart, and A. M. Soderberg. Type Iax
Supernovae: A New Class of Stellar Explosion. ApJ, 767:57, April 2013.
[92] R. Scalzo, G. Aldering, P. Antilogus, C. Aragon, S. Bailey, C. Baltay, S. Bongard, C. Buton, A. Canto, F. Cellier-
Holzem, M. Childress, N. Chotard, Y. Copin, H. K. Fakhouri, E. Gangler, J. Guy, E. Y. Hsiao, M. Kerschhaggl,
M. Kowalski, P. Nugent, K. Paech, R. Pain, E. Pecontal, R. Pereira, S. Perlmutter, D. Rabinowitz, M. Rigault,
K. Runge, G. Smadja, C. Tao, R. C. Thomas, B. A. Weaver, C. Wu, and T. Nearby Supernova Factory. A Search
for New Candidate Super-Chandrasekhar-mass Type Ia Supernovae in the Nearby Supernova Factory Data Set.
ApJ, 757:12, September 2012.
21
A preprint - May 29, 2019
[93] T. Puckett, J. Newton, M. Papenkova, and W. D. Li. Supernova 2002bj in NGC 1821. International Astronomical
Union Circular, 7839:1, Mar 2002.
[94] D. Poznanski, R. Chornock, P. E. Nugent, J. S. Bloom, A. V. Filippenko, M. Ganeshalingam, D. C. Leonard,
W. Li, and R. C. Thomas. An Unusually Fast-Evolving Supernova. Science, 327:58, January 2010.
[95] Mansi M. Kasliwal, S. R. Kulkarni, Avishay Gal-Yam, Ofer Yaron, Robert M. Quimby, Eran O. Ofek, Peter
Nugent, Dovi Poznanski, Janet Jacobsen, Assaf Sternberg, Iair Arcavi, D. Andrew Howell, Mark Sullivan,
Douglas J. Rich, Paul F. Burke, Joseph Brimacombe, Dan Milisavljevic, Robert Fesen, Lars Bildsten, Ken Shen,
S. Bradley Cenko, Joshua S. Bloom, Eric Hsiao, Nicholas M. Law, Neil Gehrels, Stefan Immler, Richard Dekany,
Gustavo Rahmer, David Hale, Roger Smith, Jeff Zolkower, Viswa Velur, Richard Walters, John Henning, Kahnh
Bui, and Dan McKenna. Rapidly Decaying Supernova 2010X: A Candidate ”.Ia” Explosion. ApJ, 723:L98–L102,
Nov 2010.
[96] Hagai B. Perets, Carles Badenes, Iair Arcavi, Joshua D. Simon, and Avishay Gal-yam. AN EMERGING CLASS
OF BRIGHT, FAST-EVOLVING SUPERNOVAE WITH LOW-MASS EJECTA. The Astrophysical Journal,
730(2):89, mar 2011.
[97] Isaac Shivvers, Wei Kang Zheng, Jon Mauerhan, Io K. W. Kleiser, Schuyler D. Van Dyk, Jeffrey M. Silverman,
Melissa L. Graham, Patrick L. Kelly, Alexei V. Filippenko, and Sahana Kumar. SN 2015U: a rapidly evolving
and luminous Type Ibn supernova. MNRAS, 461:3057–3074, Sep 2016.
[98] L. Zhou, X. Wang, K. Zhang, J. Chen, J. Liang, T. Zhang, X. Zhou, F. Huang, X. sZhao, X. Wang, T. Zhang,
D. D. Balam, M. L. Graham, and E. Y. Hsiao. Supernova 2013cv = Psn J16224316+1857356. Central Bureau
Electronic Telegrams, 3543, June 2013.
[99] Yi Cao, J. Johansson, Peter E. Nugent, A. Goobar, Jakob Nordin, S. R. Kulkarni, S. Bradley Cenko, Ori D.
Fox, Mansi M. Kasliwal, C. Fremling, R. Amanullah, E. Y. Hsiao, D. A. Perley, Brian D. Bue, Frank J. Masci,
William H. Lee, and Nicolas Chotard. Absence of fast-moving iron in an intermediate type ia supernova between
normal and super-chandrasekhar. The Astrophysical Journal, 823(2):147, 2016.
[100] O. Yaron and A. Gal-Yam. WISeREP — An Interactive Supernova Data Repository. PASP, 124:668, July 2012.
[101] A. A. Miller, R. Laher, F. Masci, J. Surace, U. Rebbapragada, B. Bue, G. Doran, E. Bellm, Y. Cao, M. Kasliwal,
and S. Kulkarni. iPTF Discovery of a Young Transient in a Tidal Tail of NGC 5221. The Astronomer’s Telegram,
8907, April 2016.
[102] S. B. Cenko, Y. Cao, M. Kasliwal, A. A. Miller, C. Fremling, M. West, M. Gregg, and S. R. Kulkarni. DCT and
Gemini Spectroscopic Classification of AT 2016bln (=iPTF 16abc). The Astronomer’s Telegram, 8909, April
2016.
[103] S. Dhawan, M. Bulla, A. Goobar, R. Lunnan, J. Johansson, C. Fransson, S. R. Kulkarni, S. Papadogiannakis, and
A. A. Miller. iPTF16abc and the population of Type Ia supernovae: comparing the photospheric, transitional,
and nebular phases. MNRAS, 480:1445–1456, October 2018.
[104] A. A. Miller, Y. Cao, A. L. Piro, N. Blagorodnova, B. D. Bue, S. B. Cenko, S. Dhawan, R. Ferretti, O. D.
Fox, C. Fremling, A. Goobar, D. A. Howell, G. Hosseinzadeh, M. M. Kasliwal, R. R. Laher, R. Lunnan, F. J.
Masci, C. McCully, P. E. Nugent, J. Sollerman, F. Taddia, and S. R. Kulkarni. Early Observations of the Type Ia
Supernova iPTF 16abc: A Case of Interaction with Nearby, Unbound Material and/or Strong Ejecta Mixing. ApJ,
852:100, January 2018.
[105] J. P. Anderson, S. Gonzalez-Gaitan, M. Hamuy, C. P. Gutierrez, M. D. Stritzinger, F. Olivares E., M. M. Phillips,
S. Schulze, R. Antezana, L. Bolt, A. Campillay, S. Castellon, C. Contreras, T. de Jaeger, G. Folatelli, F. Forster,
W. L. Freedman, L. Gonzalez, E. Hsiao, W. Krzeminski, K. Krisciunas, J. Maza, P. McCarthy, N. I. Morrell, S. E.
Persson, M. Roth, F. Salgado, N. B. Suntzeff, and J. Thomas-Osip. Characterizing the V-band Light-curves of
Hydrogen-rich Type II Supernovae. ApJ, 786:67, May 2014.
[106] N. E. Sanders, A. M. Soderberg, S. Gezari, M. Betancourt, R. Chornock, E. Berger, R. J. Foley, P. Challis,
M. Drout, R. P. Kirshner, R. Lunnan, G. H. Marion, R. Margutti, R. McKinnon, D. Milisavljevic, G. Narayan,
A. Rest, E. Kankare, S. Mattila, S. J. Smartt, M. E. Huber, W. S. Burgett, P. W. Draper, K. W. Hodapp, N. Kaiser,
R. P. Kudritzki, E. A. Magnier, N. Metcalfe, J. S. Morgan, P. A. Price, J. L. Tonry, R. J. Wainscoat, and C. Waters.
Toward Characterization of the Type IIP Supernova Progenitor Population: A Statistical Sample of Light Curves
from Pan-STARRS1. ApJ, 799:208, February 2015.
[107] M. Kim, W. Zheng, W. Li, A. V. Filippenko, S. B. Cenko, M. W. Richmond, A. Amorim, D. D. Balam, M. L.
Graham, and E. Y. Hsiao. Supernova 2013ej in M74 = Psn J01364816+1545310. Central Bureau Electronic
Telegrams, 3606, July 2013.
22
A preprint - May 29, 2019
[108] Fang Huang, Xiaofeng Wang, Jujia Zhang, Peter J. Brown, Luca Zampieri, Maria Letizia Pumo, Tianmeng
Zhang, Juncheng Chen, Jun Mo, and Xulin Zhao. SN 2013ej in M74: A Luminous and Fast-declining Type II-P
Supernova. ApJ, 807:59, Jul 2015.
[109] Jon C. Mauerhan, Schuyler D. Van Dyk, Joel Johansson, Maokai Hu, Ori D. Fox, Lifan Wang, Melissa L. Graham,
Alexei V. Filippenko, and Isaac Shivvers. Asphericity, Interaction, and Dust in the Type II-P/II-L Supernova
2013EJ in Messier 74. ApJ, 834:118, Jan 2017.
[110] F. Yuan, A. Jerkstrand, S. Valenti, J. Sollerman, I. R. Seitenzahl, A. Pastorello, S. Schulze, T.-W. Chen, M. J.
Childress, M. Fraser, C. Fremling, R. Kotak, A. J. Ruiter, B. P. Schmidt, S. J. Smartt, F. Taddia, G. Terreran, B. E.
Tucker, C. Barbarino, S. Benetti, N. Elias-Rosa, A. Gal-Yam, D. A. Howell, C. Inserra, E. Kankare, M. Y. Lee,
K. L. Li, K. Maguire, S. Margheim, A. Mehner, P. Ochner, M. Sullivan, L. Tomasella, and D. R. Young. 450 d of
Type II SN 2013ej in optical and near-infrared. MNRAS, 461:2003–2018, September 2016.
[111] L. Tartaglia, D. Sand, and S. Valenti. The discovery of DLT15am/AT 2016ija. The Astronomer’s Telegram, 9782,
November 2016.
[112] S. Blondin and J. L. Tonry. Determining the Type, Redshift, and Age of a Supernova Spectrum. ApJ,
666:1024–1047, September 2007.
[113] N. Blagorodnova, J. D. Neill, M. Kasliwal, R. Walters, and S. M. Adams. Follow-up observations of
DLT16am/AT2016ija with SEDM. The Astronomer’s Telegram, 9787, November 2016.
[114] L. Tartaglia, D. J. Sand, S. Valenti, S. Wyatt, J. P. Anderson, I. Arcavi, C. Ashall, M. T. Botticella, R. Cartier,
T.-W. Chen, A. Cikota, D. Coulter, M. Della Valle, R. J. Foley, A. Gal-Yam, L. Galbany, C. Gall, J. B. Haislip,
J. Harmanen, G. Hosseinzadeh, D. A. Howell, E. Y. Hsiao, C. Inserra, S. W. Jha, E. Kankare, C. D. Kilpatrick, V. V.
Kouprianov, H. Kuncarayakti, T. J. Maccarone, K. Maguire, S. Mattila, P. A. Mazzali, C. McCully, A. Melandri,
N. Morrell, M. M. Phillips, G. Pignata, A. L. Piro, S. Prentice, D. E. Reichart, C. Rojas-Bravo, S. J. Smartt,
K. W. Smith, J. Sollerman, M. D. Stritzinger, M. Sullivan, F. Taddia, and D. R. Young. The Early Detection and
Follow-up of the Highly Obscured Type II Supernova 2016ija/DLT16am. ApJ, 853:62, January 2018.
[115] A. Gal-Yam. Luminous Supernovae. Science, 337:927, August 2012.
[116] J. Cooke, M. Sullivan, A. Gal-Yam, E. J. Barton, R. G. Carlberg, E. V. Ryan-Weber, C. Horst, Y. Omori, and C. G.
Díaz. Superluminous supernovae at redshifts of 2.05 and 3.90. Nature, 491:228–231, November 2012.
[117] A. De Cia, A. Gal-Yam, A. Rubin, G. Leloudas, P. Vreeswijk, D. A. Perley, R. Quimby, L. Yan, M. Sullivan,
A. Flörs, J. Sollerman, D. Bersier, S. B. Cenko, M. Gal-Yam, K. Maguire, E. O. Ofek, S. Prentice, S. Schulze,
J. Spyromilio, S. Valenti, I. Arcavi, A. Corsi, D. A. Howell, P. Mazzali, M. M. Kasliwal, F. Taddia, and O. Yaron.
Light Curves of Hydrogen-poor Superluminous Supernovae from the Palomar Transient Factory. ApJ, 860:100,
June 2018.
[118] Lin Yan, R. Quimby, E. Ofek, A. Gal-Yam, P. Mazzali, D. Perley, P. M. Vreeswijk, G. Leloudas, A. De Cia,
F. Masci, S. B. Cenko, Y. Cao, S. R. Kulkarni, P. E. Nugent, Umaa D. Rebbapragada, P. R. Woźniak, and O. Yaron.
Detection of Broad Hα Emission Lines in the Late-time Spectra of a Hydrogen-poor Superluminous Supernova.
ApJ, 814:108, Dec 2015.
[119] D. A. Perley, R. M. Quimby, L. Yan, P. M. Vreeswijk, A. De Cia, R. Lunnan, A. Gal-Yam, O. Yaron, A. V.
Filippenko, M. L. Graham, R. Laher, and P. E. Nugent. Host-galaxy Properties of 32 Low-redshift Superluminous
Supernovae from the Palomar Transient Factory. ApJ, 830:13, October 2016.
[120] B. Bassett, A. Becker, H. Brewington, C. Choi, D. Cinabro, F. Dejongh, J. Dembicky, D. L. Depoy, B. Dilday,
M. Doi, J. Frieman, P. Garnavich, M. Harvanek, C. Hogan, J. Holtzman, M. Im, S. Jha, K. Konishi, J. Krzesinski,
H. Lampeitl, R. Kessler, B. Ketzeback, D. Long, O. Malanushenko, J. Marriner, D. McGinnis, R. McMillan,
G. Miknaitis, T. Morokuma, R. Nichol, K. Pan, J. L. Prieto, M. Richmond, A. Riess, R. Romani, M. Sako,
G. Saurage, D. Schneider, M. Smith, S. Snedden, N. Takanashi, K. Tokita, K. van der Heyden, S. Watters,
C. Wheeler, N. Yasuda, C. Zheng, A. Aragon-Salamanca, M. Bremer, M. Turatto, A. Goobar, J. Sollerman,
P. Ruiz-Lapuente, F. Castander, A. Romer, C. Collins, J. Lucey, A. Edge, M. Stritzinger, U. Hopp, W. Kollatschny,
J. Eastman, L. Watson, R. Assef, K. Schlesinger, and A. Crotts. Supernovae 2006kg-2006lc. Central Bureau
Electronic Telegrams, 688:1, Oct 2006.
[121] Masao Sako, Bruce Bassett, Andrew Becker, David Cinabro, Fritz DeJongh, D. L. Depoy, Ben Dilday, Mamoru
Doi, Joshua A. Frieman, Peter M. Garnavich, Craig J. Hogan, Jon Holtzman, Saurabh Jha, Richard Kessler, Kohki
Konishi, Hubert Lampeitl, John Marriner, Gajus Miknaitis, Robert C. Nichol, Jose Luis Prieto, Adam G. Riess,
Michael W. Richmond, Roger Romani, Donald P. Schneider, Mathew Smith, Mark SubbaRao, Naohiro Takanashi,
Kouichi Tokita, Kurt van der Heyden, Naoki Yasuda, Chen Zheng, John Barentine, Howard Brewington, Changsu
Choi, Jack Dembicky, Michael Harnavek, Yutaka Ihara, Myungshin Im, William Ketzeback, Scott J. Kleinman,
Jurek Krzesiński, Daniel C. Long, Elena Malanushenko, Viktor Malanushenko, Russet J. McMillan, Tomoki
23
A preprint - May 29, 2019
Morokuma, Atsuko Nitta, Kaike Pan, Gabrelle Saurage, and Stephanie A. Snedden. The Sloan Digital Sky
Survey-II Supernova Survey: Search Algorithm and Follow-up Observations. AJ, 135:348–373, Jan 2008.
[122] L. Östman, J. Nordin, A. Goobar, R. Amanullah, M. Smith, J. Sollerman, V. Stanishev, M. D. Stritzinger, B. A.
Bassett, T. M. Davis, E. Edmondson, J. A. Frieman, P. M. Garnavich, H. Lampeitl, G. Leloudas, J. Marriner,
R. C. Nichol, K. Romer, M. Sako, D. P. Schneider, and C. Zheng. NTT and NOT spectroscopy of SDSS-II
supernovae. A&A, 526:A28, Feb 2011.
[123] A. A. Hakobyan, V. Zh. Adibekyan, L. S. Aramyan, A. R. Petrosian, J. M. Gomes, G. A. Mamon, D. Kunth, and
M. Turatto. Supernovae and their host galaxies. I. The SDSS DR8 database and statistics. A&A, 544:A81, Aug
2012.
[124] Jun E. Okumura, Yutaka Ihara, Mamoru Doi, Tomoki Morokuma, Reynald Pain, Tomonori Totani, Kyle Barbary,
Naohiro Takanashi, Naoki Yasuda, Greg Aldering, Kyle Dawson, Gerson Goldhaber, Isobel Hook, Chris
Lidman, Saul Perlmutter, Anthony Spadafora, Nao Suzuki, and Lifan Wang. The Type Ia supernovae rate with
Subaru/XMM-Newton Deep Survey. Publications of the Astronomical Society of Japan, 66:49, Apr 2014.
[125] R. J. Assef, D. Stern, G. Noirot, H. D. Jun, R. M. Cutri, and P. R. M. Eisenhardt. The WISE AGN Catalog. The
Astrophysical Journal Supplement Series, 234:23, Feb 2018.
[126] V. Bakis, U. Burgaz, T. Butterley, J. M. Carrasco, V. S. Dhillon, M. Dominik, A. Floers, L. K. Hardy, G. Leto,
S. P. Littlefair, J. R. Maund, P. Ochner, A. Pastorello, A. Piascik, L. Rhodes, R. Z. Sanchez, K. V. Sokolovsky,
I. Steele, S. Taubenberger, G. Terreran, L. Tomasella, R. W. Wilson, L. Wyrzykowski, and A. M. Zubareva.
Gaia16aye: a flaring object of uncertain nature in Cygnus. The Astronomer’s Telegram, 9376, August 2016.
[127] L. Wyrzykowski, G. Leto, G. Altavilla, V. Bakis, N. Britavskiy, U. Burgaz, T. Butterley, J. M. Carrasco, V. S.
Dhillon, M. Dominik, A. Gomboc, L. K. Hardy, S. P. Littlefair, J. R. Maund, A. Piascik, L. Rhodes, R. Z.
Sanchez, K. V. Sokolovsky, I. Steele, R. W. Wilson, A. Hamanowicz, P. Mroz, M. Pawlak, K. Rybicki, M. Sitek,
P. Mikolajczyk, Z. Kolaczkowski, R. Street, P. Bendjoya, V. Bozza, J. Dziedzic, K. Niczyj, R. Nowicki, and
M. Porebski. Gaia16aye is a binary microlensing event and is crossing the caustic again. The Astronomer’s
Telegram, 9507, September 2016.
[128] S. A. Smee, J. E. Gunn, A. Uomoto, N. Roe, D. Schlegel, C. M. Rockosi, M. A. Carr, F. Leger, K. S. Dawson,
M. D. Olmstead, J. Brinkmann, R. Owen, R. H. Barkhouser, K. Honscheid, P. Harding, D. Long, R. H. Lupton,
C. Loomis, L. Anderson, J. Annis, M. Bernardi, V. Bhardwaj, D. Bizyaev, A. S. Bolton, H. Brewington, J. W.
Briggs, S. Burles, J. G. Burns, F. J. Castander, A. Connolly, J. R. A. Davenport, G. Ebelke, H. Epps, P. D. Feldman,
S. D. Friedman, J. Frieman, T. Heckman, C. L. Hull, G. R. Knapp, D. M. Lawrence, J. Loveday, E. J. Mannery,
E. Malanushenko, V. Malanushenko, A. J. Merrelli, D. Muna, P. R. Newman, R. C. Nichol, D. Oravetz, K. Pan,
A. C. Pope, P. G. Ricketts, A. Shelden, D. Sandford, W. Siegmund, A. Simmons, D. S. Smith, S. Snedden, D. P.
Schneider, M. SubbaRao, C. Tremonti, P. Waddell, and D. G. York. The Multi-object, Fiber-fed Spectrographs
for the Sloan Digital Sky Survey and the Baryon Oscillation Spectroscopic Survey. AJ, 146:32, August 2013.
[129] S. van der Walt, S. C. Colbert, and G. Varoquaux. The NumPy Array: A Structure for Efficient Numerical
Computation. Computing in Science and Engineering, 13(2):22–30, March 2011.
[130] J. D. Hunter. Matplotlib: A 2D Graphics Environment. Computing in Science and Engineering, 9:90–95, May
2007.
[131] Eric Jones, Travis Oliphant, Pearu Peterson, et al. SciPy: Open source scientific tools for Python, 2001. [Online;
accessed <today>].
[132] Wes McKinney. Data structures for statistical computing in python. In Stéfan van der Walt and Jarrod Millman,
editors, Proceedings of the 9th Python in Science Conference, pages 51 – 56, 2010.
[133] F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel, B. Thirion, O. Grisel, M. Blondel, P. Prettenhofer, R. Weiss,
V. Dubourg, J. Vanderplas, A. Passos, D. Cournapeau, M. Brucher, M. Perrot, and E. Duchesnay. Scikit-learn:
Machine learning in Python. Journal of Machine Learning Research, 12:2825–2830, 2011.
[134] R. J. Foley, D. Scolnic, A. Rest, S. W. Jha, Y.-C. Pan, A. G. Riess, P. Challis, K. C. Chambers, D. A. Coulter,
K. G. Dettman, M. M. Foley, O. D. Fox, M. E. Huber, D. O. Jones, C. D. Kilpatrick, R. P. Kirshner, A. S. B.
Schultz, M. R. Siebert, H. A. Flewelling, B. Gibson, E. A. Magnier, J. A. Miller, N. Primak, S. J. Smartt, K. W.
Smith, R. J. Wainscoat, C. Waters, and M. Willman. The Foundation Supernova Survey: motivation, design,
implementation, and first data release. MNRAS, 475:193–219, March 2018.
[135] E. Y. Hsiao, G. H. Marion, R. P. Kirshner, C. Contreras, C. Gall, M. D. Stritzinger, M. M. Phillips, N. Morrell,
C. Baltay, N. Ellman, E. Hadjiyska, R. McKinnon, D. Rabinowitz, E. S. Walker, and U. Feindt. FIRE classification
of LSQ13dpa, a possible young type II supernova. The Astronomer’s Telegram, 5678, December 2013.
24
A preprint - May 29, 2019
[136] B. Bassett, A. Becker, D. Bizyaev, H. Brewington, C. Choi, D. Cinabro, C. D’Andrea, J. Dembicky, D. L.
Depoy, B. Dilday, M. Doi, J. Eastman, J. Frieman, C. Gall, P. Garnavich, A. Goobar, C. Hogan, J. Holtzman,
M. Im, S. Jha, K. Konishi, J. Krzesinski, H. Lampeitl, R. Kessler, B. Ketzeback, D. Long, O. Malanushenko,
J. Marriner, R. McMillan, G. Miknaitis, T. Morokuma, J. Mosher, R. Nichol, D. Oravetz, K. Pan, L. Ostman,
J. L. Prieto, M. Richmond, A. Riess, R. Romani, M. Sako, D. Schneider, A. Simmons, M. Smith, S. Snedden,
J. Sollerman, M. Stritzinger, N. Takanashi, K. Tokita, M. F. Taylor, K. van der Heyden, S. Watters, N. Yasuda,
C. Wheeler, C. Zheng, A. Aragon-Salamanca, M. Bremer, M. Turatto, P. Ruiz-Lapuente, F. Castander, A. K.
Romer, C. Collins, J. Lucey, A. Edge, and M. Russell. Supernovae 2007ji-2007jx. Central Bureau Electronic
Telegrams, 1079:1, Sep 2007.
[137] A. Cikota, K. W. Smith, M. Magee, C. Inserra, M. Dennefeld, M. Fraser, E. Kankare, K. Maguire, S. J.
Smartt, M. Sullivan, S. Valenti, O. Yaron, D. Young, I. Manulis, and L. Wyrzykowski. PESSTO spectroscopic
classification of optical transients. The Astronomer’s Telegram, 9889, December 2016.
[138] M. Smith, R. C. Nichol, B. Dilday, J. Marriner, R. Kessler, B. Bassett, D. Cinabro, J. Frieman, P. Garnavich, S. W.
Jha, H. Lampeitl, M. Sako, D. P. Schneider, and J. Sollerman. The SDSS-II Supernova Survey: Parameterizing
the Type Ia Supernova Rate as a Function of Host Galaxy Properties. ApJ, 755:61, August 2012.
[139] A. Rest, D. Scolnic, R. J. Foley, M. E. Huber, R. Chornock, G. Narayan, J. L. Tonry, E. Berger, A. M. Soderberg,
C. W. Stubbs, A. Riess, R. P. Kirshner, S. J. Smartt, E. Schlafly, S. Rodney, M. T. Botticella, D. Brout, P. Challis,
I. Czekala, M. Drout, M. J. Hudson, R. Kotak, C. Leibler, R. Lunnan, G. H. Marion, M. McCrum, D. Milisavljevic,
A. Pastorello, N. E. Sanders, K. Smith, E. Stafford, D. Thilker, S. Valenti, W. M. Wood-Vasey, Z. Zheng, W. S.
Burgett, K. C. Chambers, L. Denneau, P. W. Draper, H. Flewelling, K. W. Hodapp, N. Kaiser, R. P. Kudritzki,
E. A. Magnier, N. Metcalfe, P. A. Price, W. Sweeney, R. Wainscoat, and C. Waters. Cosmological Constraints
from Measurements of Type Ia Supernovae Discovered during the First 1.5 yr of the Pan-STARRS1 Survey. ApJ,
795:44, Nov 2014.
[140] S. Jha, A. G. Riess, and R. P. Kirshner. Improved Distances to Type Ia Supernovae with Multicolor Light-Curve
Shapes: MLCS2k2. ApJ, 659:122–148, April 2007.
[141] Xiaofeng Wang, Weidong Li, Alexei V. Filippenko, Kevin Krisciunas, Nicholas B. Suntzeff, Junzheng Li,
Tianmeng Zhang, Jingsong Deng, Ryan J. Foley, Mohan Ganeshalingam, Tipei Li, YuQing Lou, Yulei Qiu,
Rencheng Shang, Jeffrey M. Silverman, Shuangnan Zhang, and Youhong Zhang. Optical and Near-Infrared
Observations of the Highly Reddened, Rapidly Expanding Type Ia Supernova SN 2006X in M100. ApJ,
675:626–643, Mar 2008.
[142] C. Zheng, R. W. Romani, M. Sako, J. Marriner, B. Bassett, A. Becker, C. Choi, D. Cinabro, F. DeJongh, D. L.
Depoy, B. Dilday, M. Doi, J. A. Frieman, P. M. Garnavich, C. J. Hogan, J. Holtzman, M. Im, S. Jha, R. Kessler,
K. Konishi, H. Lampeitl, J. L. Marshall, D. McGinnis, G. Miknaitis, R. C. Nichol, J. L. Prieto, A. G. Riess, M. W.
Richmond, D. P. Schneider, M. Smith, N. Takanashi, K. Tokita, K. van der Heyden, N. Yasuda, R. J. Assef,
J. Barentine, R. Bender, R. D. Blandford, M. Bremer, H. Brewington, C. A. Collins, A. Crotts, J. Dembicky,
J. Eastman, A. Edge, E. Elson, M. E. Eyler, A. V. Filippenko, R. J. Foley, S. Frank, A. Goobar, M. Harvanek,
U. Hopp, Y. Ihara, S. Kahn, W. Ketzeback, S. J. Kleinman, W. Kollatschny, J. Krzesiński, G. Leloudas, D. C.
Long, J. Lucey, E. Malanushenko, V. Malanushenko, R. J. McMillan, C. W. Morgan, T. Morokuma, A. Nitta,
L. Ostman, K. Pan, A. K. Romer, G. Saurage, K. Schlesinger, S. A. Snedden, J. Sollerman, M. Stritzinger, L. C.
Watson, S. Watters, J. C. Wheeler, and D. York. First-Year Spectroscopy for the Sloan Digital Sky Survey-II
Supernova Survey. AJ, 135:1766–1784, May 2008.
[143] J. Guy, M. Sullivan, A. Conley, N. Regnault, P. Astier, C. Balland, S. Basa, R. G. Carlberg, D. Fouchez, D. Hardin,
I. M. Hook, D. A. Howell, R. Pain, N. Palanque-Delabrouille, K. M. Perrett, C. J. Pritchet, J. Rich, V. Ruhlmann-
Kleider, D. Balam, S. Baumont, R. S. Ellis, S. Fabbro, H. K. Fakhouri, N. Fourmanoit, S. González-Gaitán,
M. L. Graham, E. Hsiao, T. Kronborg, C. Lidman, A. M. Mourao, S. Perlmutter, P. Ripoche, N. Suzuki, and
E. S. Walker. The Supernova Legacy Survey 3-year sample: Type Ia supernovae photometric distances and
cosmological constraints. A&A, 523:A7, November 2010.
[144] G. Bazin, V. Ruhlmann-Kleider, N. Palanque-Delabrouille, J. Rich, E. Aubourg, P. Astier, C. Balland, S. Basa,
R. G. Carlberg, A. Conley, D. Fouchez, J. Guy, D. Hardin, I. M. Hook, D. A. Howell, R. Pain, K. Perrett, C. J.
Pritchet, N. Regnault, M. Sullivan, N. Fourmanoit, S. González-Gaitán, C. Lidman, S. Perlmutter, P. Ripoche,
and E. S. Walker. Photometric selection of Type Ia supernovae in the Supernova Legacy Survey. A&A, 534:A43,
Oct 2011.
[145] L. Le Guillou, A. Mitra, S. Baumont, N. Chotard, P.-F. Leget, M. Fraser, L. Galbany, M. Dennefeld, C. Inserra,
K. Maguire, S. Smartt, K. W. Smith, M. Sullivan, S. Valenti, O. Yaron, D. Young, I. Manulis, C. Baltay,
N. Ellman, E. Hadjiyska, R. McKinnon, D. Rabinowitz, S. Rostami, U. Feindt, M. Kowalski, P. Nugent, D. Wright,
25
A preprint - May 29, 2019
K. Chambers, H. Flewelling, M. Huber, E. Magnier, J. Tonry, C. Waters, and R. J. Wainscoat. PESSTO
spectroscopic classification of optical transients. The Astronomer’s Telegram, 7102, February 2015.
[146] M. Nicholl, E. Berger, R. Margutti, R. Chornock, P. K. Blanchard, A. Jerkstrand, S. J. Smartt, I. Arcavi,
P. Challis, K. C. Chambers, T.-W. Chen, P. S. Cowperthwaite, A. Gal-Yam, G. Hosseinzadeh, D. A. Howell,
C. Inserra, E. Kankare, E. A. Magnier, K. Maguire, P. A. Mazzali, C. McCully, D. Milisavljevic, K. W. Smith,
S. Taubenberger, S. Valenti, R. J. Wainscoat, O. Yaron, and D. R. Young. Superluminous Supernova SN 2015bn
in the Nebular Phase: Evidence for the Engine-powered Explosion of a Stripped Massive Star. ApJL, 828:L18,
September 2016.
[147] M. Ganeshalingam, W. Li, and A. V. Filippenko. Constraints on dark energy with the LOSS SN Ia sample.
MNRAS, 433:2240–2258, August 2013.
[148] S. Bose, S. Valenti, K. Misra, M. L. Pumo, L. Zampieri, D. Sand, B. Kumar, A. Pastorello, F. Sutaria, T. J.
Maccarone, B. Kumar, M. L. Graham, D. A. Howell, P. Ochner, H. C. Chandola, and S. B. Pandey. SN 2013ab:
a normal Type IIP supernova in NGC 5669. MNRAS, 450:2373–2392, July 2015.
[149] Douglas C. Leonard, Alexei V. Filippenko, Weidong Li, Thomas Matheson, Robert P. Kirshner, Ryan Chornock,
Schuyler D. Van Dyk, Perry Berlind, Michael L. Calkins, Peter M. Challis, Peter M. Garnavich, Saurabh Jha, and
Andisheh Mahdavi. A Study of the Type II-Plateau Supernova 1999gi and the Distance to its Host Galaxy, NGC
3184. AJ, 124:2490–2505, Nov 2002.
[150] L. A. G. Monard. Supernova 2006T in NGC 3054. IAU circ., 8666, February 2006.
[151] M. D. Stritzinger, J. P. Anderson, C. Contreras, E. Heinrich-Josties, N. Morrell, M. M. Phillips, J. Anais, L. Boldt,
L. Busta, C. R. Burns, A. Campillay, C. Corco, S. Castellon, G. Folatelli, C. González, S. Holmbo, E. Y. Hsiao,
W. Krzeminski, F. Salgado, J. Serón, S. Torres-Robledo, W. L. Freedman, M. Hamuy, K. Krisciunas, B. F.
Madore, S. E. Persson, M. Roth, N. B. Suntzeff, F. Taddia, W. Li, and A. V. Filippenko. The Carnegie Supernova
Project I. Photometry data release of low-redshift stripped-envelope supernovae. A&A, 609:A134, February 2018.
[152] Subhash Bose, Firoza Sutaria, Brijesh Kumar, Chetna Duggal, Kuntal Misra, Peter J. Brown, Mridweeka Singh,
Vikram Dwarkadas, Donald G. York, Sayan Chakraborti, H. C. Chandola, Julie Dahlstrom, Alak Ray, and
Margarita Safonova. SN 2013ej: A Type IIL Supernova with Weak Signs of Interaction. ApJ, 806:160, Jun 2015.
[153] X. Wang, A. V. Filippenko, M. Ganeshalingam, W. Li, J. M. Silverman, L. Wang, R. Chornock, R. J. Foley, E. L.
Gates, B. Macomber, F. J. D. Serduke, T. N. Steele, and D. S. Wong. IMPROVED DISTANCES TO TYPE ia
SUPERNOVAEWITHTWOSPECTROSCOPIC SUBCLASSES. The Astrophysical Journal, 699(2):L139–L143,
jun 2009.
[154] David Branch, Leeann Chau Dang, Nicholas Hall, Wesley Ketchum, Mercy Melakayil, Jerod Parrent, M. A.
Troxel, D. Casebeer, David J. Jeffery, and E. Baron. Comparative direct analysis of type ia supernova spectra. II.
maximum light. Publications of the Astronomical Society of the Pacific, 118(842):560–571, apr 2006.
[155] Gastón Folatelli, Nidia Morrell, Mark M. Phillips, Eric Hsiao, Abdo Campillay, Carlos Contreras, Sergio
Castellón, Mario Hamuy, Wojtek Krzeminski, Miguel Roth, Maximilian Stritzinger, Christopher R. Burns,
Wendy L. Freedman, Barry F. Madore, David Murphy, S. E. Persson, José L. Prieto, Nicholas B. Suntzeff, Kevin
Krisciunas, Joseph P. Anderson, Francisco Förster, José Maza, Giuliano Pignata, P. Andrea Rojas, Luis Boldt,
Francisco Salgado, Pamela Wyatt, Felipe Olivares E., Avishay Gal-Yam, and Masao Sako. Spectroscopy of Type
Ia Supernovae by the Carnegie Supernova Project. ApJ, 773:53, Aug 2013.
[156] C. Inserra, M. Turatto, A. Pastorello, M. L. Pumo, E. Baron, S. Benetti, E. Cappellaro, S. Taubenberger, F. Bufano,
N. Elias-Rosa, L. Zampieri, A. Harutyunyan, A. S. Moskvitin, M. Nissinen, V. Stanishev, D. Y. Tsvetkov, V. P.
Hentunen, V. N. Komarova, N. N. Pavlyuk, V. V. Sokolov, and T. N. Sokolova. The bright Type IIP SN 2009bw,
showing signs of interaction. MNRAS, 422:1122–1139, May 2012.
[157] Ó. Rodríguez, A. Clocchiatti, and M. Hamuy. Photospheric Magnitude Diagrams for Type II Supernovae: A
Promising Tool to Compute Distances. AJ, 148:107, December 2014.
A Table with anomalies
26
A preprint - May 29, 2019
Ta
bl
e
1:
Li
st
of
ou
tli
er
sa
nd
th
ei
rh
os
ts
N
am
e
α
δ
Ty
pe
a
z C
M
B
H
os
tn
am
e
H
os
tα
H
os
tδ
H
os
t
ty
pe
b
Se
p.
(”
)c
Se
p.
(k
pc
)c
Co
m
m
en
tsd
Re
f.
A
no
m
al
ie
sf
ou
nd
in
8
da
ta
se
ts
w
ith
di
ffe
re
nt
di
m
en
sio
na
lit
y
re
du
ct
io
n
SD
SS
-II
SN
13
11
2†
01
:0
9:
29
.8
9
−0
1:
05
:1
8.
3
?S
N
II
SD
SS
J0
10
92
9.
89
-0
10
51
8.
3
01
:0
9:
29
.8
9
−0
1:
05
:1
8.
3
pS
N
II
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
75
5
±0
.2
34
[6
4]
SD
SS
-II
SN
13
46
1
23
:0
3:
39
.4
8
+
00
:1
2:
49
.9
?S
N
II
SD
SS
J2
30
33
9.
49
+0
01
24
9.
7
23
:0
3:
39
.4
9
+
00
:1
2:
49
.8
pS
N
II
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
73
5
±0
.0
80
[6
4]
SD
SS
-II
SN
53
14
†
20
:2
1:
17
.8
5
+
00
:4
1:
04
.3
?S
N
II/
?S
ta
r
SD
SS
J2
02
11
7.
84
+0
04
10
4.
2
20
:2
1:
17
.8
4
+
00
:4
1:
04
.2
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SN
20
16
fb
o?
01
:0
1:
35
.5
4
+
17
:0
6:
04
.3
SN
Ia
0.
03
0
G
A
LE
X
A
SC
J0
10
13
5.
75
+1
70
60
4.
9
01
:0
1:
35
.7
7
+
17
:0
6:
04
.1
3.
3
1.
98
LC
in
th
e
O
pe
n
Su
pe
rn
ov
a
Ca
ta
lo
g
ha
sa
ba
d
qu
al
ity
[1
34
]
SD
SS
-II
SN
14
17
0†
01
:4
6:
33
.1
5
+
00
:5
1:
05
.7
?S
N
II/
?S
ta
r
SD
SS
J0
14
63
3.
15
+0
05
10
5.
6
01
:4
6:
33
.1
5
+
00
:5
1:
05
.6
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SD
SS
-II
SN
17
06
†
00
:0
2:
58
.1
1
−0
1:
01
:2
7.
8
?S
N
II/
Q
SO
SD
SS
J0
00
25
8.
10
-0
10
12
7.
8
00
:0
2:
58
.1
0
−0
1:
01
:2
7.
8
pS
N
II
in
[6
4]
;a
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
1.
55
1,
cl
as
s=
Q
SO
br
oa
dl
in
e
[6
4]
LS
Q
13
dp
a†
11
:0
1:
12
.9
1
−0
5:
50
:5
2.
6
SN
II
0.
02
3
LC
SB
S1
49
2O
11
:0
1:
12
.4
6
−0
5:
50
:4
6.
0
S
9.
4
4.
37
Sp
ec
tro
sc
op
ic
al
ly
co
nfi
rm
ed
as
SN
II
us
-
in
g
a
ne
ar
-in
fra
re
d
sp
ec
tru
m
(ra
ng
e
80
0-
25
00
nm
)
[1
35
]
SD
SS
-II
SN
17
75
6†
01
:0
8:
10
.4
2
−0
0:
16
:3
6.
9
?S
N
II/
Q
SO
SD
SS
J0
10
81
0.
43
-0
01
63
6.
9
01
:0
8:
10
.4
3
−0
0:
16
:3
7.
0
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5,
ho
w
ev
er
,
it
ha
s
a
BO
SS
sp
ec
tru
m
w
ith
z
=
1.
99
7,
cl
as
s
=
Q
SO
br
oa
dl
in
e
[6
4]
SD
SS
-II
SN
15
56
5
01
:0
0:
27
.1
2
+
00
:3
5:
23
.6
?S
N
II/
?S
ta
r
SD
SS
J0
10
02
7.
10
+0
03
52
3.
5
01
:0
0:
27
.1
0
+
00
:3
5:
23
.5
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
A
no
m
al
ie
sf
ou
nd
in
7
da
ta
se
ts
w
ith
di
ffe
re
nt
di
m
en
sio
na
lit
y
re
du
ct
io
n
SN
20
05
ho
?
00
:5
9:
24
.1
0
+
00
:0
0:
09
.3
SN
Ia
0.
06
2
PG
C
11
54
57
7
00
:5
9:
24
.1
0
+
00
:0
0:
09
.4
Sm
/Im
0.
1
0.
12
In
JL
A
co
sm
ol
og
ic
al
sa
m
pl
e
[9
],
no
ti
n
Pa
nt
he
on
[1
0]
[9
]
SN
20
16
ija
04
:1
2:
07
.6
2
−3
2:
51
:1
0.
9
SN
II
0.
00
3
N
G
C
15
32
04
:1
2:
04
.3
3
−3
2:
52
:2
7.
2
Sb
c
86
.8
5.
39
H
ig
hl
y
ob
sc
ur
ed
SN
II
(E
(B
−V
) ho
st
=
1.
95
±0
.1
5
m
ag
)
[1
14
]
SD
SS
-II
SN
20
50
†
20
:5
4:
41
.5
2
−0
0:
13
:3
3.
2
U
nk
no
w
n
SD
SS
J2
05
44
1.
53
-0
01
33
3.
1
20
:5
4:
41
.5
3
−0
0:
13
:3
3.
2
U
nk
no
w
n
ob
je
ct
in
[6
4]
an
d
SN
II
in
th
e
O
pe
n
Su
pe
rn
ov
a
Ca
ta
lo
g
w
ith
re
fe
re
nc
e
to
[6
4]
[6
4]
SD
SS
-II
SN
17
33
9†
02
:3
1:
22
.2
2
+
00
:2
3:
09
.6
?S
N
II/
Q
SO
SD
SS
J0
23
12
2.
22
+0
02
30
9.
5
02
:3
1:
22
.2
2
+
00
:2
3:
09
.5
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5,
ho
w
ev
er
,
it
ha
s
a
BO
SS
sp
ec
tru
m
w
ith
z
=
1.
13
2,
cl
as
s=
Q
SO
[6
4]
A
no
m
al
ie
sf
ou
nd
in
6
da
ta
se
ts
w
ith
di
ffe
re
nt
di
m
en
sio
na
lit
y
re
du
ct
io
n
SN
20
07
jm
?
,†
21
:5
5:
38
.5
9
−0
0:
10
:3
6.
3
SN
IIn
0.
09
0
SD
SS
J2
15
53
8.
80
-0
01
03
4.
1
21
:5
5:
38
.8
0
−0
0:
10
:3
4.
2
3.
8
6.
36
A
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
09
1,
cl
as
s=
ga
la
xy
sta
rfo
rm
in
g
[1
36
,
64
]
SN
LS
-0
6D
3g
x
14
:1
7:
03
.2
3
+
52
:5
6:
10
.5
SN
Ia
0.
76
1
SD
SS
J1
41
70
3.
21
+5
25
61
6.
1
14
:1
7:
03
.2
1
+
52
:5
6:
16
.1
5.
6
41
.3
1
In
JL
A
co
sm
ol
og
ic
al
sa
m
pl
e
[9
],
no
ti
n
Pa
nt
he
on
[1
0]
[9
]
27
A preprint - May 29, 2019
SD
SS
-II
SN
13
72
5
21
:0
6:
55
.0
1
+
00
:5
3:
44
.9
?S
N
II/
?S
ta
r
SD
SS
J2
10
65
5.
01
+0
05
34
4.
8
21
:0
6:
55
.0
1
+
00
:5
3:
44
.9
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SN
20
16
ix
f
10
:3
9:
44
.5
6
+
15
:0
2:
04
.8
SN
Ia
0.
06
7
SD
SS
J1
03
94
4.
53
+1
50
20
4.
7
10
:3
9:
44
.5
3
+
15
:0
2:
04
.8
0.
4
0.
56
[1
37
,
13
4]
SN
20
06
ob
01
:5
1:
48
.1
4
+
00
:1
5:
47
.9
SN
Ia
0.
05
9
U
G
C
13
33
01
:5
1:
48
.5
1
+
00
:1
5:
49
.8
Sa
5.
9
6.
69
In
JL
A
[9
]a
nd
Pa
nt
he
on
[1
0]
co
sm
ol
og
-
ic
al
sa
m
pl
es
[9
]
SD
SS
-II
SN
17
50
9
00
:1
9:
18
.9
3
+
01
:0
8:
14
.3
?S
N
II/
Q
SO
SD
SS
J0
01
91
8.
93
+0
10
81
4.
2
00
:1
9:
18
.9
3
+
01
:0
8:
14
.2
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5,
ho
w
ev
er
,
it
ha
s
a
BO
SS
sp
ec
tru
m
w
ith
z
=
2.
03
1,
cl
as
s=
Q
SO
[6
4]
A
no
m
al
ie
sf
ou
nd
in
5
da
ta
se
ts
w
ith
di
ffe
re
nt
di
m
en
sio
na
lit
y
re
du
ct
io
n
SD
SS
-II
SN
43
30
01
:4
4:
35
.8
2
−0
0:
10
:5
7.
4
?S
N
II
SD
SS
J0
14
43
5.
82
-0
01
05
7.
3
01
:4
4:
35
.8
2
−0
0:
10
:5
7.
4
pS
N
II
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
73
2
±0
.0
76
[6
4]
SN
20
05
ll
22
:2
8:
06
.8
7
−0
1:
07
:4
1.
4
SN
Ia
0.
24
1
SD
SS
J2
22
80
6.
92
-0
10
74
2.
1
22
:2
8:
06
.9
2
−0
1:
07
:4
2.
1
1.
0
3.
90
A
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
24
2,
cl
as
s=
ga
la
xy
sta
rfo
rm
in
g
[6
4]
SD
SS
-II
SN
13
74
1
20
:4
8:
00
.4
0
−0
1:
02
:4
9.
5
?S
N
II/
?S
ta
r
SD
SS
J2
04
80
0.
39
-0
10
24
9.
4
20
:4
8:
00
.3
9
−0
1:
02
:4
9.
5
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SD
SS
-II
SN
17
29
2†
23
:3
1:
23
.7
7
+
00
:3
7:
45
.6
?S
N
II
SD
SS
J2
33
12
3.
77
+0
03
74
5.
4
23
:3
1:
23
.7
7
+
00
:3
7:
45
.5
pS
N
II
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
59
5
±0
.1
63
[6
4]
SN
20
06
kg
01
:0
4:
16
.9
8
+
00
:4
6:
08
.9
AG
N
0.
23
0
SD
SS
J0
10
41
6.
98
+0
04
60
8.
7
01
:0
4:
16
.9
8
+
00
:4
6:
08
.8
Ba
sin
g
on
N
TT
sp
ec
tru
m
cl
as
sifi
ed
as
AG
N
by
[1
22
];
ac
co
rd
in
g
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
23
1,
cl
as
s=
ga
la
xy
sta
rb
ur
st
[6
4]
A
no
m
al
ie
sf
ou
nd
in
4
da
ta
se
ts
w
ith
di
ffe
re
nt
di
m
en
sio
na
lit
y
re
du
ct
io
n
SD
SS
-II
SN
46
52
02
:2
9:
49
.6
9
−0
0:
40
:1
1.
4
?S
N
II/
Q
SO
SD
SS
J0
22
94
9.
69
-0
04
01
1.
3
02
:2
9:
49
.6
9
−0
0:
40
:1
1.
4
pS
N
II
in
[6
4]
;a
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
67
3,
cl
as
s=
Q
SO
[6
4]
SN
20
02
bj
05
:1
1:
46
.4
1
−1
5:
08
:1
0.
8
SN
Ia
pe
c/
SN
Ib
pe
c
0.
01
2
N
G
C
18
21
05
:1
1:
46
.1
1
−1
5:
08
:0
4.
9
Im
7.
3
1.
80
Br
ig
ht
,f
as
t-e
vo
lv
in
g
su
pe
rn
ov
aw
ith
lo
w
-
m
as
s
ej
ec
ta
,h
el
iu
m
an
d
ca
rb
on
lin
es
in
sp
ec
tra
[9
4]
SD
SS
-II
SN
13
58
9†
21
:4
8:
02
.3
9
−0
0:
07
:0
7.
5
?S
N
II
SD
SS
J2
14
80
2.
31
-0
00
71
0.
0
21
:4
8:
02
.3
1
−0
0:
07
:1
0.
1
pS
N
II
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
19
9
±0
.0
32
[6
4]
SD
SS
-II
SN
13
29
1
20
:0
4:
11
.3
8
−0
0:
32
:0
1.
1
?S
N
II
SD
SS
J2
00
41
1.
38
-0
03
20
0.
9
20
:0
4:
11
.3
8
−0
0:
32
:0
1.
0
pS
N
II
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
42
5
±0
.1
19
[6
4]
SN
22
13
-1
74
5
22
:1
3:
39
.9
7
−1
7:
45
:2
4.
5
SL
SN
-R
2.
04
6
[1
16
]
SN
20
17
m
f
14
:1
6:
31
.0
0
+
39
:3
5:
12
.0
SN
Ia
0.
02
6
N
G
C
55
41
14
:1
6:
31
.8
0
+
39
:3
5:
20
.7
Sb
12
.7
6.
64
[1
34
]
SN
20
17
yh
17
:5
2:
06
.2
5
+
21
:3
3:
58
.3
SN
Ia
0.
02
0
IC
12
69
17
:5
2:
05
.8
6
+
21
:3
4:
09
.0
Sb
c
12
.0
4.
86
[1
34
]
SN
20
13
cv
16
:2
2:
43
.1
9
+
18
:5
7:
35
.0
SN
Ia
pe
c
0.
03
6
SD
SS
J1
62
24
3.
02
+1
85
73
3.
8
16
:2
2:
43
.0
2
+
18
:5
7:
33
.8
2.
7
1.
93
La
rg
e
pe
ak
op
tic
al
an
d
U
V
lu
m
in
os
ity
,
ab
se
nc
e
of
iro
n
ab
so
rp
tio
n
lin
es
in
th
e
ea
rly
sp
ec
tra
[9
9]
SN
20
06
pt
?
02
:2
7:
16
.1
7
−0
0:
23
:3
6.
5
SN
Ia
0.
29
8
SD
SS
J0
22
71
6.
08
-0
02
33
5.
6
02
:2
7:
16
.0
8
−0
0:
23
:3
5.
6
1.
6
7.
21
A
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
29
9,
cl
as
s=
ga
la
xy
sta
rfo
rm
in
g
[6
4]
SD
SS
-II
SN
26
61
23
:3
2:
49
.8
0
+
00
:0
5:
50
.0
SN
II
0.
19
1
SD
SS
J2
33
24
9.
88
+0
00
54
9.
2
23
:3
2:
49
.8
8
+
00
:0
5:
49
.2
1.
4
4.
59
[6
4]
28
A preprint - May 29, 2019
SD
SS
-II
SN
20
26
6
00
:3
1:
13
.4
0
−0
0:
07
:0
8.
7
?S
N
II
pS
N
II
in
[6
4]
[6
4]
A
no
m
al
ie
sf
ou
nd
in
3
da
ta
se
ts
w
ith
di
ffe
re
nt
di
m
en
sio
na
lit
y
re
du
ct
io
n
SD
SS
-II
SN
12
86
8
21
:2
9:
40
.4
0
−0
0:
01
:3
8.
8
?S
N
II
SD
SS
J2
12
94
0.
40
-0
00
13
8.
9
21
:2
9:
40
.4
0
−0
0:
01
:3
9.
0
pS
N
II
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
68
8
±0
.1
67
[6
4]
SD
SS
-II
SN
19
69
9
02
:0
2:
11
.7
6
+
00
:1
3:
46
.3
?S
N
II/
?S
ta
r
SD
SS
J0
20
21
1.
76
+0
01
34
6.
2
02
:0
2:
11
.7
6
+
00
:1
3:
46
.2
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SD
SS
-II
SN
16
30
2
22
:0
7:
04
.1
5
+
00
:1
1:
00
.6
?S
N
Ia
22
:0
7:
04
.1
1
+
00
:1
0:
58
.9
pS
N
II
in
[6
4]
;
ho
st
ph
ot
oZ
0.
18
5
±
0.
01
5
[1
38
]
[6
4]
SD
SS
-II
SN
15
74
5
02
:4
8:
49
.9
1
−0
0:
06
:2
7.
1
?S
N
Ia
SD
SS
J0
24
84
9.
89
-0
00
62
6.
6
02
:4
8:
49
.8
9
−0
0:
06
:2
6.
7
pS
N
Ia
in
[6
4]
;S
D
SS
D
R1
5
ho
st
ph
ot
oZ
(K
D
-tr
ee
m
et
ho
d)
0.
65
7
±0
.0
74
[6
4]
G
ai
a1
6a
ye
?
19
:4
0:
01
.1
0
+
30
:0
7:
53
.4
U
LE
N
S,
CV
M
W
Bi
na
ry
m
ic
ro
le
ns
in
g
ev
en
t
[1
26
]
PS
1-
10
00
00
7
02
:2
3:
30
.7
1
−0
4:
38
:1
0.
8
SN
Ia
0.
13
7
SD
SS
J0
22
33
0.
91
-0
43
81
0.
6
02
:2
3:
30
.9
1
−0
4:
38
:1
0.
7
3.
0
7.
25
[1
39
]
SN
20
06
ne
01
:1
3:
37
.8
4
+
00
:2
5:
26
.0
SN
Ia
0.
04
6
SD
SS
J0
11
33
7.
58
+0
02
52
5.
5
01
:1
3:
37
.5
8
+
00
:2
5:
25
.5
S
3.
9
3.
55
A
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
04
7,
cl
as
s=
ga
la
xy
sta
rfo
rm
in
g
[6
4]
SD
SS
-II
SN
19
50
4
00
:5
4:
39
.6
8
−0
0:
25
:2
3.
9
SN
II
0.
21
4
SD
SS
J0
05
43
9.
88
-0
02
52
6.
3
00
:5
4:
39
.8
8
−0
0:
25
:2
6.
3
3.
8
13
.3
6
[6
4]
SD
SS
-II
SN
18
26
6
03
:1
5:
24
.3
5
−0
0:
50
:5
4.
0
?S
N
II/
?S
ta
r
SD
SS
J0
31
52
4.
34
-0
05
05
3.
9
03
:1
5:
24
.3
4
−0
0:
50
:5
4.
0
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
PS
15
cf
n
21
:5
9:
21
.9
7
−2
1:
07
:1
0.
7
91
T-
lik
e
0.
10
9
G
A
LE
X
A
SC
J2
15
92
2.
04
-2
10
71
3.
3
21
:5
9:
22
.0
0
−2
1:
07
:1
3.
5
2.
8
5.
63
[1
34
]
SD
SS
-II
SN
15
04
8
02
:5
4:
57
.1
0
−0
0:
00
:1
8.
6
?S
N
Ia
pS
N
Ia
in
[6
4]
[6
4]
A
no
m
al
ie
sf
ou
nd
in
2
da
ta
se
ts
w
ith
di
ffe
re
nt
di
m
en
sio
na
lit
y
re
du
ct
io
n
SN
20
06
ej
00
:3
8:
59
.7
7
−0
9:
00
:5
6.
6
SN
Ia
0.
02
0
IC
15
63
00
:3
9:
00
.2
4
−0
9:
00
:5
2.
4
S0
8.
1
3.
30
In
JL
A
[9
]a
nd
Pa
nt
he
on
[1
0]
co
sm
ol
og
-
ic
al
sa
m
pl
es
[9
]
SD
SS
-II
SN
18
39
1
02
:2
2:
42
.4
3
+
00
:2
5:
05
.0
?U
nk
no
w
n/
?S
ta
r
SD
SS
J0
22
24
2.
43
+0
02
50
4.
8
02
:2
2:
42
.4
3
+
00
:2
5:
04
.9
U
nk
no
w
n
ob
je
ct
in
[6
4]
;
ho
st
cl
as
sifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SN
19
96
ai
13
:1
0:
58
.1
3
+
37
:0
3:
35
.4
SN
Ia
0.
00
4
N
G
C
50
05
13
:1
0:
56
.3
1
+
37
:0
3:
32
.2
Sb
c
22
.0
1.
82
H
ig
hl
y
re
dd
en
ed
SN
Ia
(E
(B
−V
) ho
st
=
1.
69
±0
.1
0
m
ag
)
[1
40
,
14
1]
SN
20
16
ay
g
07
:3
0:
17
.4
0
+
25
:0
1:
56
.0
SN
Ia
0.
04
3
SD
SS
J0
73
01
7.
25
+2
50
15
3.
5
07
:3
0:
17
.2
6
+
25
:0
1:
53
.5
3.
1
2.
66
[1
34
]
SD
SS
-II
SN
42
26
23
:4
0:
41
.6
6
−0
0:
54
:2
1.
2
?S
N
II/
?S
ta
r
SD
SS
J2
34
04
1.
66
-0
05
42
1.
3
23
:4
0:
41
.6
6
−0
0:
54
:2
1.
3
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SN
20
05
jw
20
:4
0:
19
.2
5
−0
0:
00
:2
5.
8
SN
Ia
0.
38
0
SD
SS
J2
04
01
9.
14
-0
00
02
2.
8
20
:4
0:
19
.1
4
−0
0:
00
:2
2.
9
Sb
c/
Sc
3.
3
17
.3
7
In
JL
A
[9
]a
nd
Pa
nt
he
on
[1
0]
co
sm
ol
og
-
ic
al
sa
m
pl
es
[1
42
,9
]
SN
20
16
bl
n?
13
:3
4:
45
.4
9
+
13
:5
1:
14
.3
91
T-
lik
e
0.
02
4
N
G
C
52
21
13
:3
4:
55
.9
1
+
13
:4
9:
57
.1
Sb
17
0.
3
82
.4
1
Pe
cu
lia
r
ris
e
tim
e,
no
n-
ev
ol
vi
ng
bl
ue
co
lo
ur
,u
nu
su
al
str
on
g
C
II
ab
so
rp
tio
n
[1
34
]
SN
20
16
bm
c
19
:1
0:
37
.3
3
+
37
:3
9:
17
.0
SN
Ia
0.
02
8
U
G
C
11
40
9
19
:1
0:
37
.5
1
+
37
:3
9:
18
.9
S
2.
9
1.
61
[1
34
]
SD
SS
-II
SN
20
93
22
:3
6:
36
.2
8
−0
0:
12
:4
7.
0
?S
N
II
pS
N
II
in
[6
4]
[6
4]
SD
SS
-II
SN
17
31
7
01
:2
9:
59
.1
8
−0
0:
38
:0
5.
4
?S
N
II
SD
SS
J0
12
95
9.
31
-0
03
80
0.
3
01
:2
9:
59
.3
1
−0
0:
38
:0
0.
3
Sb
c
zS
N
II
in
[6
4]
;a
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
11
8,
cl
as
s=
sta
rfo
rm
in
g
ga
la
xy
[6
4]
SN
LS
-0
3D
1c
m
02
24
55
.2
7
−0
4
23
03
.4
91
T-
lik
e
0.
87
0
[H
SP
20
05
]J
02
24
55
.2
8-
04
23
03
.6
8
02
:2
4:
55
.2
8
−0
4:
23
:0
3.
7
0.
3
2.
59
Pe
cu
lia
r
Ty
pe
Ia
SN
w
ith
th
e
str
et
ch
-
re
la
te
d
pa
ra
m
et
er
X
1
=
4.
54
[1
43
,
14
4]
29
A preprint - May 29, 2019
SD
SS
-II
SN
17
78
9
01
:2
9:
16
.1
3
+
00
:4
2:
37
.9
SL
SN
A
cc
or
di
ng
to
ta
bl
e
2
of
[6
4]
SN
ha
s
4
sp
ec
tra
[6
4]
SN
20
15
bn
11
:3
3:
41
.5
7
+
00
:4
3:
32
.2
SL
SN
-I
0.
11
4
SD
SS
J1
13
34
1.
53
+0
04
33
3.
2
11
:3
3:
41
.5
3
+
00
:4
3:
33
.3
1.
3
2.
59
H
yd
ro
ge
n-
po
or
su
pe
rlu
m
in
ou
s
su
pe
r-
no
va
[1
45
,
14
6]
SD
SS
-II
SN
28
09
†
03
:3
3:
27
.4
1
+
00
:1
6:
10
.7
?S
N
II/
?S
ta
r
SD
SS
J0
33
32
7.
41
+0
01
61
0.
7
03
:3
3:
27
.4
1
+
00
:1
6:
10
.7
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
A
no
m
al
ie
sf
ou
nd
in
a
da
ta
se
to
f3
64
ph
ot
om
et
ric
ch
ar
ac
te
ris
tic
s(
12
1
×3
no
rm
al
iz
ed
flu
xe
sa
nd
th
e
LC
flu
x
m
ax
im
um
)
SD
SS
-II
SN
18
22
8
22
:4
5:
49
.7
0
−0
0:
15
:5
4.
9
?S
N
II
pS
N
II
in
[6
4]
[6
4]
SD
SS
-II
SN
18
73
3
01
:2
2:
42
.6
1
−0
0:
02
:4
8.
4
?S
N
II
pS
N
II
in
[6
4]
[6
4]
SD
SS
-II
SN
19
04
7
21
:4
3:
18
.7
1
+
00
:3
2:
21
.7
?S
N
II
SD
SS
J2
14
31
8.
74
+0
03
21
9.
8
21
:4
3:
18
.7
4
+
00
:3
2:
19
.9
zS
N
II
in
[6
4]
;a
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
0.
41
2,
cl
as
s=
ga
la
xy
sta
rb
ur
st
[6
4]
SD
SS
-II
SN
19
39
5
02
:4
4:
37
.9
0
+
00
:4
6:
32
.1
?S
N
II/
Q
SO
SD
SS
J0
24
43
7.
89
+0
04
63
1.
9
02
:4
4:
37
.8
9
+
00
:4
6:
32
.0
pS
N
II
in
[6
4]
;a
cc
or
di
ng
to
SD
SS
D
R1
5
ho
st
ha
sB
O
SS
sp
ec
tru
m
w
ith
z
=
1.
31
8,
cl
as
s=
Q
SO
[6
4]
SD
SS
-II
SN
69
92
22
:1
0:
25
.0
9
+
00
:0
0:
02
.7
?S
N
II/
?S
ta
r
SD
SS
J2
21
02
5.
08
+0
00
00
2.
5
22
:1
0:
25
.0
8
+
00
:0
0:
02
.5
pS
N
II
in
[6
4]
;h
os
tc
la
ss
ifi
ed
as
sta
rb
y
SD
SS
D
R1
5
[6
4]
SN
20
05
m
p
01
:0
4:
45
.6
8
+
00
:0
3:
20
.2
SN
Ia
0.
27
2
H
os
t
id
en
tifi
ed
by
[6
4]
(S
D
SS
J0
10
44
5.
51
+0
00
32
0.
8)
ha
s
BO
SS
sp
ec
tru
m
w
ith
z
=
0.
95
2
th
at
is
di
ffe
re
nt
fro
m
SN
re
ds
hi
ft
[1
47
,
64
]
SN
20
13
ab
†
14
:3
2:
44
.4
9
+
09
:5
3:
12
.3
SN
IIP
0.
00
6
N
G
C
56
69
14
:3
2:
43
.8
0
+
09
:5
3:
28
.8
Sc
d
19
.4
2.
40
Th
e
lig
ht
cu
rv
e
an
d
sp
ec
tra
su
gg
es
tt
ha
t
th
e
su
pe
rn
ov
a
is
a
no
rm
al
Ty
pe
IIP
ev
en
t,
al
th
ou
gh
w
ith
as
te
ep
er
de
cl
in
ed
ur
in
gt
he
pl
at
ea
u
re
la
tiv
e
to
ot
he
r
ar
ch
et
yp
al
SN
e
of
sim
ila
rb
rig
ht
ne
ss
[1
48
]
SN
19
99
gi
10
:1
8:
16
.6
6
+
41
:2
6:
28
.2
SN
IIP
0.
00
2
N
G
C
31
84
10
:1
8:
16
.9
9
+
41
:2
5:
27
.8
Sc
60
.5
2.
51
[1
49
]
A
no
m
al
ie
sf
ou
nd
in
a
da
ta
se
to
f1
0
G
au
ss
ia
n
pr
oc
es
sp
ar
am
et
er
s(
9
fit
te
d
pa
ra
m
et
er
so
ft
he
ke
rn
el
an
d
th
e
lo
g-
lik
el
ih
oo
d
of
th
e
fit
)
PT
F1
0a
ag
c
09
:3
9:
56
.9
3
+
21
:4
3:
16
.9
SL
SN
-I
0.
20
7
SD
SS
J0
93
95
6.
91
+2
14
31
7.
1
09
:3
9:
56
.9
1
+
21
:4
3:
17
.1
0.
3
1.
16
SL
SN
-I
w
ith
hy
dr
og
en
in
la
te
sp
ec
tra
;
ho
st
m
or
ph
ol
og
ic
al
str
uc
tu
re
su
gg
es
ts
a
po
ss
ib
le
on
go
in
g
m
er
ge
r
[1
19
,
11
7]
SN
20
06
T
09
:5
4:
30
.2
1
−2
5:
42
:2
9.
3
SN
IIb
0.
00
8
N
G
C
30
54
09
:5
4:
28
.6
1
−2
5:
42
:1
2.
4
Sb
c
27
.4
4.
51
[1
50
,
15
1]
SN
20
10
bb
10
:4
4:
38
.2
3
+
57
:4
8:
40
.0
SN
Ia
0.
11
8
SD
SS
J1
04
43
8.
19
+5
74
83
9.
8
10
:4
4:
38
.1
9
+
57
:4
8:
39
.8
0.
4
0.
80
[1
39
]
SN
20
13
ej
01
:3
6:
48
.1
6
+
15
:4
5:
31
.0
SN
IIP
/S
N
IIL
0.
00
2
N
G
C
62
8
01
:3
6:
41
.7
7
+
15
:4
7:
00
.5
Sc
12
8.
5
5.
32
LC
is
in
te
rm
ed
ia
te
be
tw
ee
n
th
os
eo
fT
yp
e
IIP
an
d
IIL
SN
e
[1
52
,
10
8,
10
9]
SN
LS
-0
4D
2g
b
10
:0
2:
22
.6
7
+
01
:5
3:
39
.0
SN
Ia
0.
45
2
SD
SS
J1
00
22
2.
66
+0
15
33
9.
2
10
:0
2:
22
.6
6
+
01
:5
3:
39
.2
0.
2
1.
44
In
JL
A
[9
]a
nd
Pa
nt
he
on
[1
0]
co
sm
ol
og
-
ic
al
sa
m
pl
es
;
ho
st
cl
as
sifi
ed
as
sta
r
by
SD
SS
D
R1
5
[9
]
SN
LS
-0
5D
2m
p
09
:5
9:
08
.6
3
+
02
:1
2:
14
.4
SN
Ia
0.
35
5
In
JL
A
[9
]a
nd
Pa
nt
he
on
[1
0]
co
sm
ol
og
-
ic
al
sa
m
pl
es
[9
]
SN
LS
-0
6D
2a
g
10
:0
1:
43
.3
6
+
01
:5
1:
37
.1
SN
Ia
0.
31
0
SD
SS
J1
00
14
3.
26
+0
15
13
5.
4
10
:0
1:
43
.2
6
+
01
:5
1:
35
.4
2.
3
10
.3
3
[1
43
,
14
7]
30
A preprint - May 29, 2019
SN
LS
-0
6D
3c
n
14
:1
9:
25
.8
5
+
52
:3
8:
27
.5
SN
Ia
0.
23
2
SD
SS
J1
41
92
5.
79
+5
23
82
5.
9
14
:1
9:
25
.7
9
+
52
:3
8:
25
.9
1.
7
6.
25
[1
43
]
SN
19
99
cc
16
:0
2:
42
.0
3
+
37
:2
1:
34
.4
SN
Ia
0.
03
2
N
G
C
60
38
16
:0
2:
40
.5
5
+
37
:2
1:
34
.2
Sb
c
17
.6
11
.2
8
In
JL
A
[9
]a
nd
Pa
nt
he
on
[1
0]
co
sm
ol
og
-
ic
al
sa
m
pl
es
[9
]
SN
20
02
aw
16
:3
7:
29
.0
6
+
40
:5
2:
50
.3
SN
Ia
0.
02
6
2M
FG
C
13
32
1
16
:3
7:
29
.2
2
+
40
:5
2:
48
.2
Sb
2.
8
1.
45
[1
47
]
SN
20
02
eb
22
:1
9:
05
.2
4
+
24
:3
5:
39
.8
SN
Ia
0.
02
6
PG
C
68
56
0
22
:1
9:
06
.2
9
+
24
:3
5:
53
.4
Sb
19
.7
10
.3
3
[1
47
]
SN
20
04
dt
02
:0
2:
12
.7
7
−0
0:
05
:5
1.
5
SN
Ia
0.
01
9
N
G
C
79
9
02
:0
2:
12
.3
0
−0
0:
06
:0
2.
6
Sa
13
.1
5.
07
Sp
ec
tra
l
su
bt
yp
e:
hi
gh
ve
lo
ci
ty
(H
V,
[1
53
]),
br
oa
d
lin
e
(B
L,
[1
54
])
[1
55
]
SN
20
09
bw
03
:5
6:
06
.9
2
+
72
:5
5:
40
.9
SN
IIP
0.
00
4
U
G
C
28
90
03
:5
6:
04
.4
4
+
72
:5
5:
18
.5
Sd
m
24
.9
2.
06
Lu
m
in
os
ity
dr
op
fro
m
th
e
ph
ot
os
ph
er
ic
to
th
e
ne
bu
la
rp
ha
se
is
on
e
of
th
e
fa
ste
st
ev
er
ob
se
rv
ed
,∼
2.
2
m
ag
in
∼1
3
da
ys
[1
56
,
15
7]
a
Ty
pe
of
th
e
so
ur
ce
.A
pr
efi
x
"?
"m
ea
ns
th
at
th
e
so
ur
ce
is
no
tc
on
fir
m
ed
sp
ec
tro
sc
op
ic
al
ly
.
b
Si
m
ba
d
ho
st
ga
la
xy
m
or
ph
ol
og
ic
al
ty
pe
.
c
Se
pa
ra
tio
n
of
th
e
so
ur
ce
fro
m
th
e
ce
nt
er
of
its
ho
st
ga
la
xy
.
d
If
cl
as
sifi
ca
tio
n
is
m
ad
e
by
[6
4]
:a
pr
efi
x
"p
"(
pS
N
)i
nd
ic
at
es
a
pu
re
ly
ph
ot
om
et
ric
ty
pe
,a
pr
efi
x
"z
"(
zS
N
)i
nd
ic
at
es
th
at
a
re
ds
hi
ft
is
m
ea
su
re
d
fro
m
its
ca
nd
id
at
e
ho
st
ga
la
xy
an
d
th
e
cl
as
sifi
ca
tio
n
us
es
th
at
re
ds
hi
ft
as
a
pr
io
r.
?
Th
e
ob
je
ct
is
al
so
fo
un
d
in
a
da
ta
se
to
f1
0
G
au
ss
ia
n
pr
oc
es
sp
ar
am
et
er
s(
9
fit
te
d
pa
ra
m
et
er
so
ft
he
ke
rn
el
an
d
th
e
lo
g-
lik
el
ih
oo
d
of
th
e
fit
).
†
Th
e
ob
je
ct
is
al
so
fo
un
d
in
a
da
ta
se
to
f3
64
ph
ot
om
et
ric
ch
ar
ac
te
ris
tic
s(
12
1
×3
no
rm
al
iz
ed
flu
xe
sa
nd
th
e
LC
flu
x
m
ax
im
um
).
31
